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Abstract
In this thesis I present measurements of the physical properties of the nuclei of Jupiter
Family comets (JFCs), based on time-series observations. These data were collected in
four observing runs; two using the 3.6m NTT in Chile, and two using the 2.5m INT on
the island of La Palma. From the time-series photometry rotation rates and elongations
were measured, and from these constraints were placed on the bulk density and porosity
of nuclei. Multi-filter imaging was performed to enable measurement of their surface
colours. In addition, a large amount of ‘snap-shot’ imaging was performed during these
observing runs, and taken with the time-series data is used to measure nuclei sizes.
These results are compared with other data from the literature to study the general
properties of JFC nuclei. A size distribution is measured which is consistent with that
predicted for a population of collisional fragments, while the distribution in rotation
rates is found to be flat and non-collisional. The low minimum densities measured for
all comets imply that the true bulk density of nuclei is low, and the porosity is high.
These properties are shown to have similar values in the Kuiper Belt Object (KBO)
population, which is the supposed parent population for JFCs. The surface colours of
JFCs are shown to match the blue end of the KBO distribution, and can be derived
from the observed KBO distribution under the assumption of a de-reddening function
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Chapter 1
Introduction - A brief history of comets
1.1 Early work 2
Here I review the subject of cometary physics by presenting a brief history of the
study of comets, from superstition to the modern day. Major advances are highlighted,
while results of consequence to this thesis and the current ‘state of the art’ are presented
in more detail, although the intention is to provide a broad overview rather than a de-
tailed chronicle of previous studies. More detailed accounts of the long and fascinating
history of cometary astronomy are given by Brandt & Chapman (2004); Festou et al.
(2004) and especially in the text by Yeomans (1991).
1.1 Early work
Comets have been known since pre-historic times; there are a few bright comets visi-
ble to the naked eye every decade, and such unexpected appearances in the sky would
have been noticed by our earliest ancestors. Reports of comets appear in the earliest
astronomical records, made in around 1000 BC by Chinese astronomers (Ho 1962). In
pre-scientific times the appearances of bright comets were given supernatural explana-
tions, and inspired both wonder and fear as signs from the gods or portents of great
events; archaeologists suggest (with varying degrees of credibility) that the appearance
of bright comets during ancient times could be responsible for a number of myths (Mc-
Cafferty & Baillie 2005). It has also been suggested that the ‘star of Bethlehem’ was a
comet, and the appearance of Halley’s comet in 1066 is depicted in the Bayeux tapestry
(fig. 1.1). Yet despite the long history of comet observations, it is normally the human
cataclysms that accompanied the passage of the comet, and not any real information
on the comets themselves, that are recorded in history. For many centuries research
into comets was devoted entirely to their astrological implications; they nearly always
foretold disaster.
At the time of the Renaissance, and the beginning of science as we know it in
western Europe, comets still inspired wonder, if not fear, amongst the great thinkers
of the age (comet apparitions still provoked panic in the general population, due to
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Figure 1.1: The 1066 apparition of 1P/Halley coincided with the Norman invasion of
England, and was thought to be a heavenly sign connected with these great events.
Its appearance was recorded on the famous Bayeux Tapestry, showing the importance
attached to the sighting of comets in pre-scientific times. The group of people towards
the left see the comet (‘istimirant stella’ = ‘they look at the star’) which is depicted as
the typical ‘hairy star’ with a tail, above the English King Harold II, who was killed at
the battle of Hastings at around the time the comet was visible.
superstition that remained common even within the last century, and persists in some
people to this day). It was at this time that the scientific study of comets could be said to
have begun. While the heliocentric solar system theory of Copernicus was beginning to
replace the ancient Greek view of a geocentric universe, the accepted theory on comets
was still the Aristotlean view that they were atmospheric phenomena. Tycho Brahe was
among the first to show that this was not the case, by means of very careful observations
and measurement of the diurnal parallax of the comet of 1577, which he clearly showed
to be beyond the Moon (Brahe 1578). It was not until the following century that the true
orbital motions of comets were first described though, when Isaac Newton published a
method for determining the orbital parameters of a parabolic comet orbit from a set of
three observations using his theory of gravitation (Newton 1726). From this Edmond
Halley was able to calculate the orbital parameters of a number of well observed comets
(Halley 1705), and noted that the comets of 1531, 1607 and 1682 had similar orbits.
This led him to make a confident prediction that these were one and the same comet,
and that the comet would return in 1758. It did so, confirming not only the validity
and great utility of Newton’s theory but also the astronomical nature of comets as solar
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system objects with highly elliptical orbits.
This comet is the one now known as Halley’s comet, and it is given the designation
1P - the first comet to be recorded at successive apparitions and be shown to be periodic.
The modern numbering convention consists of either a P for periodic comets, a C for
comets with approximately parabolic (i.e. very long period) orbits or a D for defunct
(broken up or otherwise not recovered) comets. For comets with well known orbits,
this letter is preceded with a sequential number based on when the orbit was confirmed;
there are now 175 numbered comets. Comets are also identified by following the above
letter with either their name, which is the name of their discoverer, or a designation of
the form C/1995 O1, comprising the year of discovery, a letter which designates the
half month in which the comet was discovered, and finally a number based on the order
in which the comets were discovered during that half month (i.e. the example given –
comet Hale-Bopp – was the first comet discovered during the later half of July 1995).
By the nineteenth century comets were recognised as astronomical phenomena;
their appearances noted and their orbits around the Sun routinely measured. The return
of comet Halley in 1835 inspired another advance, as telescopes had improved to the
point where structure within the coma and tails were observable, and were described
in detail (Bessel 1836a,b). The Bessel-Bredichin model described how an unknown
force from the Sun pushed particles into straight (type I) and curved (type II) tails. The
advent of spectroscopy revealed the presence of both neutral and ionised gasses in the
coma and tails (Swings et al. 1943). Various models describing the physical nature
of comets were proposed; the idea of a comet as a swarm of particles was popular,
and Lyttleton (1948) proposed what is known as the ‘sandbank’ model. The current
paradigm was proposed by Whipple in a series of papers in the 1950s (Whipple 1950,
1951, 1955), and explained many of the observed properties of comets. Once again
comet Halley was instrumental in advancing our knowledge, when spacecraft missions
to the comet in the 1980s showed the Whipple model to be a good representation of
its morphology. More recent works have updated and modified the Whipple model,
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although these improvements do not radically alter the basic theory.
1.2 Comet morphology - nucleus models
Whipple’s ‘icey-conglomerate’ or ‘dirty snowball’ model addressed a number of ob-
served cometary properties: The bright comae of comets were known to be of con-
siderable size (∼ 105 km) from direct observation and knowledge of the distance of
comets, and showed structure within them (jets and fans). It was known to be tenu-
ous as stars were observed through it, yet it clearly contained solid particles as meteor
showers had been associated with cometary orbits. Comets had to possess some solid
core, as they could survive a close pass to the Sun, yet this nucleus had to be smaller
than 100 km in diameter as neither the Great Comet of 1882 nor Halley’s Comet in
1910 were seen when they transited the Sun (Brandt & Chapman 2004). In addition
to fitting these requirements, the great triumph of the Whipple model is that it explains
the observed non-gravitational motion of comets first noted in 2P/Encke (and originally
attributed to the comet’s passage through some sort of resisting medium – Encke 1836).
This force causes alteration of comet orbits, changing the date of perihelion by up to
a few days from the time expected from orbit calculations accounting only for gravity
(including perturbations due to the planets).
The Whipple model is based on a very small (a few km in diameter) solid nucleus
made up primarily of water ice, and also containing other volatile ices (NH3, CH4, CO2
and C2N2) and rock particles of sizes 10−6 − 10−1 m. When the comet approaches
the Sun, incident Solar radiation heats these ices and causes sublimation. The resultant
gasses, and dust particles carried with them, form the coma. This sublimation is re-
stricted to certain areas on the daylight side of the nucleus (the fraction of sublimating
area varying depending on how active the comet is), and thus material is released in jets
from these areas. These produce the jets and fans observed in the coma at larger scales,
and also act like rockets; the reaction force on the nucleus from the expelled material
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Figure 1.2: A bright comet (Hale-Bopp), showing the characteristic coma and tails (ion
tail – blue, dust tail – white) seen when comets approach the Sun. The solid central
nucleus is too small to see on this scale, and even in images of the central part of the
coma is obscured as light reflected from the nucleus is swamped by the reflected flux
from the coma.
changes the comet’s motion and provides the sought after non-gravitational acceler-
ation. As ice is a poor conductor of heat, only the surface layers would experience
heating and lose material through sublimation, explaining how comets could survive
multiple perihelion passages.
The existence of various volatile species was postulated to explain the presence of
gasses such as C2, CN and CO+ identified in spectra of cometary comae and tails.
Their parent molecules are thought to be trapped within a matrix of less volatile H2O
ice, either at a crystalline level in the form of clathrate hydrates (Delsemme & Miller
1970), or within pores in amorphous water ice (Bar-Nun et al. 1985), which is why it
is the sublimation rate of H2O that controls the activity level of comets. The level of
activity observed can be generalised by solving the energy balance equation (Cowan &
A’Hearn 1979). This states that the energy received from the Sun must equal the energy
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radiated back into space plus the energy used to vaporise the ices and any heat passed
into the interior. Assuming the conduction term to be negligible, and that radiation and





= 2pir2N(1−A1)σT 4 +Q(T )L(T ) (1.1)
where F0 is the solar flux at Earth, A0 and A1 are the albedos at visual and infrared
wavelengths, rN is the nuclear radius and Rh is the heliocentric distance. T is the aver-
age temperature, σ the Stefan-Boltsman constant, L(T ) the latent heat of vaporisation
and Q(T ) is the total vaporisation rate. For the most abundant volatile species, H2O,
the vaporisation rate is negligible at Rh > 3 AU, and rises steeply when closer to the
Sun. So, generally, comets are likely to be ‘inactive’ beyond 3 AU, although this de-
pends on the intrinsic activity of the comet; C/1995 O1 Hale-Bopp has been observed
to be active at Rh ≥ 13 AU (Hainaut 2001). This is of course a simplified picture of
cometary activity, but sufficient for the purposes of this thesis. Prialnik et al. (2004)
give a detailed review on modelling the process of sublimation from the nucleus.
Once sublimated into the coma, gas and dust are further altered by sunlight. Pho-
tochemistry is responsible for converting the parent molecules thought to exist in the
nucleus into the various daughter molecules seen in spectra (Swings et al. 1943; see
Rodgers et al. 2004 for a modern review). Incident UV radiation ionises gas to produce
charged particles, which are then accelerated away from the Sun by the solar wind to
produce the ion tail (the straight tail seen when a comet is highly active, previously
called a type I tail). Radiation pressure also acts to push particles away from the comet
to produce the dust tail, which is seen to curve (type II tail) due to the trajectories
followed by particles ejected from the nucleus at different times.
The essential theory of a small nucleus of ice and rock, producing coma through
sublimation and thereby tails, remains the currently favoured theory, and has largely
been confirmed by space-craft missions to comets (see section 1.5). However there
have been a number of variations proposed concerning the structure of the nucleus.
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Figure 1.3: Artists’ impressions of four different models of comet nuclei. (a) Whipple’s
icy-conglomerate, (b) Donn et al.’s fractal aggregate, (c) Weissman’s primordial rubble
pile, (d) Gombosi and Houpis’ icy-glue model. Taken from Weissman et al. (2004).
Whipple’s original model was of a solid, coherent snow-ball with considerable ma-
terial strength, enabling it to survive close perihelion passages and periods of activity
from the surface. Subsequent authors have postulated considerably weaker bodies, held
together by self gravity and with very little tensile strength. Figure 1.3, reproduced
from Weissman et al. (2004), shows four nucleus models; the Whipple snow-ball, two
‘rubble-pile’ models, and the theory of Gombosi & Houpis (1986) of ‘icy-glue’ holding
the nucleus together. Rubble-piles are loosely bound aggregates of rock held together
by self gravity, forming a body which is solid, but has very little strength. This descrip-
tion was first proposed for asteroids in the 1970s, as nearly all main belt asteroids could
be expected to have had non-catastrophic collisions over their lifetime (Chapman et al.
1978). It is now accepted that most asteroids over ∼ 100 m in radius are rubble-piles,
and have either been fractured or completely disrupted and reformed by collisions [as
discussed by a number of authors in the Asteroids III book (Bottke et al. 2002)]. Im-
ages returned by the recent Hayabusa probe appear to show that its target, Near Earth
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Asteroid Itokawa, is indeed a rubble-pile (Fujiwara et al. 2006). Rubble-pile structure
was suggested as a model for cometary nuclei by two groups in the 1980s. Donn et al.
(1985) came to this conclusion through considering the way that small icy grains would
accrete in such a way to produce self-similar structures at larger and larger scales, pro-
ducing a fractal type, loosely bound, ‘fluffy aggregate’ (fig. 1.3 (b)). Weissman (1986)
approached the problem by considering the mass of a typical nucleus and noting that
there is not enough gravitational potential to heat the interior, and that therefore the pri-
mordial fragments would not have melted and combined to form a single body (fig. 1.3
(c)). The ‘icy-glue’ model suggests that larger boulders are held together by a glue of
volatile ices (Gombosi & Houpis 1986), although this theory has difficulty explaining
the observed lack of strength seen in comets (see below).
The currently favoured model is that of a rubble-pile, although the idea that nuclei
are formed from unaltered primordial solar nebula material has been challenged by the
likelihood that comets have undergone collisions (Weissman et al. 2004). Although
dependant on the source region for the class of comets under consideration (see next
section), calculations of the collisional time-scale for nuclei show that they must have
undergone significant collisions over the age of the Solar System (Stern 1995, 1996).
There is considerable observational evidence in support of the rubble-pile hypothe-
sis, the greatest of these being that comets are effectively strengthless. The question of
whether or not comets are actually strengthless, or have strength at a very weak level,
is still of considerable interest. Comets are seen to split, either under the gravitational
influence of the Sun or planets or spontaneously with no obvious cause (Boehnhardt
2004). The splitting of comets indicates that they can not have considerable strength;
the split comet which is best understood is D/1993 F2 (Shoemaker-Levy 9), which was
torn apart when it passed within the Roche limit of Jupiter in 1992, forming a long line
of 20 fragments which subsequently collided with the planet. Modelling of this event
by Asphaug & Benz (1996) showed that the material strength of the nucleus must be
less than 6.5 Pa, which is very weak. For comparison, snow and soils have strengths in
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the range 1 - 102 kPa, concrete ∼ 1 MPa, marble ∼ 10 MPa and common metals in the
range 102−103 MPa; cometary material clearly has a very low strength indeed.
This lack of strength is important as it means that nuclei must be held together by
self gravitation, which is dependant on the mass (or equally, the density) of the nucleus.
This means that constraints on the mass, density and internal structure of the nucleus
can be determined using ground based techniques, which are described in chapter 3.
1.3 Flavours of comets - taxonomy and source regions
During the early to mid-20th century it became clear that there were different classes
of comet. The first distinction was based purely on historical grounds: Division of
comets into short period (with orbital period P≤ 200 years) and long period (P > 200
years) was based on the fact that astronomers had been reliably measuring orbits for
approximately 200 years, so objects which returned in a time less than that could have
been seen before. Short period comets were subsequently split into two groups, the
Jupiter family comets (JFCs) with P < 20 years whose orbits are governed by the planet
Jupiter, and the Halley type (named after the ubiquitous 1P/Halley) with longer periods
(20≤ P≤ 200 years).
Subsequently this taxonomy has been modified to have a basis in the orbital dy-
namics of the comets; JFC orbits are generally prograde, approximately confined to the
ecliptic plane, with inclinations i ≤ 40◦. Halley type and long period comets have (to
a good approximation) randomly inclined orbits. Levison (1996) formalises the dis-
tinction between Ecliptic and Nearly Isotropic Comets (NICs) based on the Tisserand
parameter TJ , which remains approximately constant for any given comet, even after
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where e is the eccentricity of the orbit, a the semi-major axis and aJ the semi-major axis
of Jupiter’s orbit (aJ ≈ 5.2 AU). As it is based on the orbital elements, the Tisserand
parameter uses dynamical properties to differentiate between groups of comets. Those
comets with TJ < 2 are designated NIC; with TJ > 2 are Ecliptic. Halley type and
long period comets are NICs, while JFCs are Ecliptic. Strictly, JFCs fall into the range
2≤ TJ ≤ 3, while comets with TJ > 3 do not approach Jupiter; they orbit either entirely
within (e.g. 2P/Encke) or beyond (the Centaurs – see below) Jupiter’s orbit.
At around the same time as Whipple was proposing his physical model of a comet
nucleus to explain non-gravitational acceleration and the solar wind was being postu-
lated to explain comet tails that a third great theoretical advance was presented. Oort
(1950) calculated the original (i.e. before planetary perturbations) orbits of long period
comets, and deduced that there must exist a reservoir of comets between 20,000 and
200,000 AU from the Sun, from which comets would be perturbed inwards by the pas-
sage of nearby stars. More recent works have slightly modified this theory, with the
addition of interstellar clouds and the galactic tide as perturbers, and the analysis of
many more comets (Marsden et al. 1978), but the presence of the Oort Cloud is well
accepted. Indeed, the Oort cloud solves a significant problem in cometary astronomy
in that it identifies a source for comets. The median dynamical lifetime of comets in
the inner solar system is 3×105 years (Duncan et al. 2004), due to interactions with the
planets causing the comet to collide with a planet or be ejected from the system. Also,
the activity of comets causes significant mass loss with each perihelion passage, mean-
ing that a 1 km radius comet will be destroyed in a few hundred orbits, depending on
its perihelion distance (Wallis & Wickramasinghe 1985). Therefore a source of comets
to replenish those lost or destroyed is required to maintain the observed flux of comets.
The Oort cloud provides this source, but how did this cloud form? Simulations of the
formation of the solar system show that comets which originally formed through the
accretion of ices in the giant planet region are scattered by the planets into Oort cloud
orbits (see Dones et al. 2004).
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The Oort cloud is now well accepted as the source of long period comets, and its
predicted spherical shape (orbits randomised in inclination by interactions with pass-
ing stars) explains the approximately random distribution of inclinations of LP comet
orbits. However, the Oort cloud theory had significant problems explaining why the
majority of short period comets (the JFCs) had low inclinations. Attempts were made
to explain their orbits in terms of them being captured into low inclination, short period,
orbits by interactions with the planets (primarily Jupiter), but these did not reproduce
the observed distribution. It was suggested, first in a relatively unnoticed work by Edge-
worth (1949) and then independently in the better known paper by Kuiper (1951), that
a belt of comets confined roughly to the ecliptic plane and orbiting beyond Neptune
(between 30 and 50 AU) could provide the source for Ecliptic Comets. Dynamical cal-
culations (Ferna´ndez 1980) showed that this was a far more efficient source than the
capture of high inclination comets, and attempts were made to discover objects in this
belt (now generally known as the Kuiper Belt, but also as the Edgeworth-Kuiper Belt
in belated recognition of the Irishman’s work). The first Kuiper Belt Object (KBO)
was discovered in 1992 (1992 QB1 - Jewitt & Luu 1993), and was quickly followed
by further discoveries (Williams et al. 1993). There are now 990 KBOs known (as
of May 2006), including objects of similar size to (in the case of 2003 UB313 larger
than) Pluto, calling into question Pluto’s planetary status. The belt is thought to have
∼ 7× 104 objects larger than 100 km in diameter within it (Trujillo et al. 2001), and
perhaps ∼ 108 larger than 1 km (Bernstein et al. 2004). It is now generally accepted
that it is the source of the Ecliptic comets; they are perturbed inwards by Neptune and
then fall under Jupiter’s influence to be brought into the inner Solar System as JFCs.
The current scheme is complicated slightly further as KBOs are split into various pop-
ulations depending on their dynamics, such as the classical and scattered disk objects,
and objects which fall into mean motion resonances with Neptune, e.g. the Plutinos (so
named as Pluto is one of them) which fall into the 3:2 resonance (Morbidelli & Brown
2004). The scattered disk is made up of objects which have encountered Neptune and
been pushed into higher eccentricity orbits, and is now thought to be the element of the
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Kuiper Belt which supplies the JFC population (Duncan et al. 2004). A further dynam-
ical class of objects are the Centaurs, which are objects which orbit between Saturn and
Neptune, and are thought to be the intermediary stage which KBOs pass through on
their way to becoming JFCs (Duncan et al. 2004).
The Kuiper Belt, as originally envisaged, was a remnant of the formation of the
Solar System; the KBOs were the left over lumps of rock and ice that never formed
into a planet due to the low surface density of material that far out in the accretion
disk around the young Sun. By studying KBOs, and therefore by studying the nuclei
of JFCs, which come from the Kuiper Belt, the properties of the planet forming disk
can be deduced. Comets provide an advantage in that they visit the inner Solar System
and are therefore easier to study, especially at the small end of the size distribution,
although they cannot be thought of as entirely pristine remnants due to alteration of
their surface layers by activity. It is now realised that KBOs are also non-primordial,
and will have undergone some processing over the age of the Solar System. Firstly, it
was realised that the collisional time scale in the classical Kuiper Belt means that the
vast majority of objects will have undergone a number of collisions (Stern 1995, 1996).
This means that all but the largest are likely to be fractured or entirely fragmented, and
this process also provides an energy source for melting of volatiles or other geophysical
and chemical processing of the primordial material. The size distribution of KBOs will
also be affected: collisional populations have distinctive size distributions (Davis et al.
2002). The second way in which KBOs will have been modified from their original
state is chemical or physical alteration of the exposed surface layers, which should
manifest itself in changes to the observed optical characteristics such as colour and
albedo. So called ‘space weathering’ is caused by the impact of energetic particles and
photons, which cause sputtering or chemical reactions with surface organic molecules.
The effect of this is to build up an outer layer of very dark, red, material (Johnson
et al. 1987). Therefore JFC nuclei start out not as pristine remnants of the formation
of the Solar System, but come from a reddened, collisional1 population. They remain
1If the JFCs come from the Scattered disk, not the classical Kuiper Belt, then their collisional history
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the least altered bodies from that time, and an important current area of study is to
assess the amount of alteration bodies undergo in the Kuiper Belt, and the nature and
quantity of further alterations due to activity once these bodies become comets. This
thesis tackles the latter issue in chapter 6.
Finally, recent work suggests that a further population of comets exists, the Main
Belt Comets (MBCs), which have asteroid-like orbits (low inclination and eccentricity,
TJ > 3) within the main asteroid belt between Mars and Jupiter. As these objects tend
to have very low activity they are generally first identified as asteroids. The first of
these objects to be observed to show cometary activity was 133P/Elst-Pizarro, which
had originally been identified and numbered as asteroid 7968 Elst-Pizarro but has been
observed to show sporadic weak activity (Hsieh et al. 2004; Toth 2006). This object
was for some time regarded as either a strange JFC or an unusual asteroid, and a unique
oddity, however early this year the discovery of further similar objects was announced,
and it now appears that there is a population of comets within the asteroid belt (Hsieh
& Jewitt 2006). If 133P is typical of the MBCs then this population may well have
different physical properties to other comets, as it is an outlier in trends presented in
this thesis for JFCs (see later chapters).
1.4 Earth based observations of nuclei
While the theory of cometary nuclei was being developed they remained invisible to
observers, as a nucleus only a few kilometres in diameter is too small to identify within
the bright coma of an active comet, unless it is observed at very high spatial resolution.
There are three techniques by which this difficulty can be overcome at optical wave-
lengths. First, the nucleus can be seen within the coma by employing space-craft to
image the comet from very close range. The successes of various space-craft missions
will be different; in fact they may well have escaped major collisions over the age of the Solar System
(Rickman 2004). Whether or not the parent population of JFCs is collisionally relaxed is an important
issue which is discussed in chapter 6.
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are described in section 1.5.
A second method relies not on going to the comet, but waiting for the comet to
come to us. By taking advantage of very close passes of comets to the Earth, and very
high resolution imaging using the Hubble Space Telescope, the signal from the nucleus
can be separated from the surrounding coma (e.g. Lamy et al. 1999). This method relies
on the fact that the high resolution means that the central pixel will be dominated by
the nucleus, and a coma model can be calculated to exactly match the profile and then
be subtracted to leave a nuclear image. This method can only be applied to a limited
number of comets, due to the rarity of close passes of comets to the Earth, but has been
applied to a handful of comets.
The third method, which is employed in this thesis, is to image comets when effec-
tively inactive at large distance. As described above, for a primarily water ice nucleus
equation 1.1 gives a dramatic increase in activity (sublimation) when the comet is at
heliocentric distances of Rh ≤ 3 AU. This is found to be a reasonable rule of thumb for
deciding when a comet is likely to be active, although the distance at which the onset
of activity occurs does vary between comets. Therefore comets are targeted when at
Rh ≥ 3 AU in the hope of detecting the nucleus, although in a number of cases activity
is seen at large heliocentric distance (see chapter 5). This method is difficult due to the
small size and very low albedos of nuclei (see chapter 3), which makes them very faint
targets at large distances.
The first goal of observations of bare nuclei was to measure their intrinsic bright-
ness and therefore size. There have been a number of programmes of snap-shot pho-
tometry of nuclei, these surveys being led by Lowry et al. (Lowry et al. 2003; Lowry &
Weissman 2003; Lowry & Fitzsimmons 2005), Licandro et al. (2000b) and Meech et al.
(2004). In addition there is a catalogue of nucleus sizes from Tancredi et al. (2000), who
follow a different approach; they collect all brightness estimates made by both amateurs
and professionals for each comet (mostly taken while active) and from the heliocentric
light-curve derive a ‘nuclear’ magnitude. The light-curves are noisy (even by Tancredi
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et al.’s own reckoning, the vast majority fall into the lowest quality categories) and the
estimates are therefore very approximate; these radii cannot be regarded as reliable un-
less independently confirmed by observations of the inactive nucleus. Around a third
of numbered JFCs have had their radii measured by snap-shot surveys; results from
the above surveys and other sources have been compiled by Lamy et al. (2004). This
compilation gives reliable radius measurements for 64 ecliptic comets and 11 NICs,
and limits on the sizes of many others that have been either observed when active, or
have not been detected at large Rh.
Measuring radii for a large sample of nuclei allows calculation of the size distribu-
tion. The number of comets with radii greater than rN can be approximated by a power
law:
N(> rN) ∝ r−qN (1.3)
The size distribution is an important marker of the history of nuclei; if the population
are collisional fragments of larger bodies then they should have a distribution with
q = 2.5 (Dohnanyi 1969). Recent work on the size distributions of asteroids suggests
that this is a simplified picture and the size distribution can have ‘bumps’ within it
(Davis et al. 2002); theoretical work by O’Brien & Greenberg (2003) gives a wavy
distribution with an average q = 2.04 over the size range observed in comets. For
comets the theory is complicated by mass loss, and observational data is incomplete at
small radii due to the difficulties in detecting these objects, but a number of attempts
to measure the distribution have been made. Reliable estimates fall in the region 1.6≤
q≤ 1.9 (Lowry et al. 2003; Lamy et al. 2004), implying either a non-collisional parent
population or significant modification of the size distribution by cometary activity; this
topic is discussed in more detail and an updated measurement is presented in section
6.1 in chapter 6.
In addition to measuring the size of nuclei from their brightnesses, Earth based ob-
servations also allow study of their surface composition through studying how their
reflectance varies at different wavelengths. The most complete compositional infor-
1.4 Earth based observations of nuclei 17
mation comes from spectroscopy, which is regularly used in observations of active
comets to study the gasses present in the coma or tails. However, it has been seldom
used in studies of nuclei due to the technical difficulties this presents: Spectroscopy
works by splitting the light from the target into multiple wavelengths, and therefore
requires relatively bright targets to give sufficient signal-to-noise at each wavelength.
Distant inactive nuclei are very faint targets. The few nuclei spectra available are fea-
tureless and rise at a fairly constant gradient towards longer wavelengths (Luu 1993).
Lower resolution spectral information can be obtained through multi-colour photome-
try, where the brightness of the nucleus is measured through a number of broad-band
filters and the difference in reflectance between these bands gives the colour of the
nucleus. As the observed cometary spectra are featureless no information is lost by
performing broad-band photometry instead of spectroscopy, and photometry is consid-
erably easier to perform on faint objects. In cometary studies the brightness is typically
measured between the V (effective wavelength λeff = 5448 A˚) and R (λeff = 6407 A˚)
bands; the average (V −R) colour found for JFC nuclei is ∼ 0.45, somewhat redder
than the Solar (V −R)⊙ = 0.35 (Holmberg et al. 2006). This colour gives a very rough
description of the spectra over the V R wavelength range; no detail is available, but the
spectral gradient S′ can be found from






where ∆λ = 959 A˚ is the difference between the effective wavelengths of the V and R
bands. S′ approximates the shape of the spectra by describing it as a linear increase
(or decrease) of the reflectance over the wavelength range considered; it has units of
percent per 1000 A˚. Jewitt (2002) gives a mean value of S′ = 8.3± 2.8 % kA˚−1 for
cometary nuclei. Further information on the rough shape of the spectra can be ob-
tained by measurement of the nucleus brightness in more band-passes; plotting (V −R)
against (B−V ) or (V−R) against (R−I) has been a successful technique in identifying
different compositional types in asteroids, as different shaped spectra occupy different
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regions on such plots (Tholen 1984). In this thesis V -, R- and I-band (λeff = 7980
A˚) photometry is presented to allow measurement of (V −R) and (R− I) colours (see
section 6.4 of chapter 6).
Over the last decade the direct study of JFCs’ supposed parent bodies, KBOs, using
Earth-based telescopes has begun. The observed objects are large (r & 100 km) by
cometary standards, as only large objects can be detected at distances Rh ≥ 30 AU. The
size distribution of KBOs is steeper, with q ≈ 3.2 (Lamy et al. 2004), although this is
for a different size range due to the lack of observed small KBOs and non-existence of
100 km scale JFCs. The surface colours of KBOs exhibit a very wide distribution, but
are typically very red, with a mean (V −R) of 0.60 from the data in the catalogues of
Jewitt & Luu (2001) and Peixinho et al. (2004). The mean spectral gradient for KBOs
is S′ = 22.9± 1.7 (Jewitt 2002). The range in colour may be at least partially related
to orbital parameters: objects with perihelia beyond 40 AU appear to be redder, and
possibly there is a lack of bluer objects at lower inclinations (McBride et al. 2003).
Such direct measurements of the JFC parent population allow direct comparison and
investigation of the effects of the process of evolution into, and activity of, JFCs (see
chapter 6).
1.5 Space-craft missions to nuclei
This thesis presents a large quantity of ground based observations; in this section I
outline some of the advances made by space-craft that help in understanding and in-
terpretation of these data. Sending space-craft to comets provides by far the richest
source of information on these bodies, and a variety of instruments on various missions
have probed the nucleus, coma and tails of active comets. While the detail they provide
dwarfs that which can be obtained from the most detailed Earth based observations,
only a handful of comets can ever be visited by such missions due to their expense and
complexity. Therefore a synergy of the detail of space missions and the general proper-
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Figure 1.4: Nucleus images from space-craft: (a) 1P/Halley imaged by Giotto,
(b) 19P/Borrelly imaged by Deep Space 1, (c) 81P/Wild 2 imaged by Stardust
and (d) 9P/Tempel 1 imaged by Deep Impact.
ties observed for large numbers of comets measured from Earth is required to gain the
most complete understanding possible. Figure 1.4 shows images of nuclei obtained by
these missions.
Each new space-craft mission has revolutionised our understanding of comets, but
none more so than the ‘Armada’ that met 1P/Halley on its last pass through the inner
solar system in 1986. As has been noted through-out this introduction, apparitions of
Halley’s comet always mark an advance in our understanding. This was the first pass of
this most famous comet during the space age, and the Russian, European and Japanese
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space agencies all sent probes. NASA did not send a probe directly, although it par-
ticipated in the International Cometary Explorer mission, which measured the effects
of Halley’s magnetic field from 28 million km away on the Sun-ward side, having pre-
viously passed 21P/Giacobini-Zinner at 8000 km. The Japanese probes Sakegaki and
Suisei also passed to the Sun-ward side of the comet within its magnetic influence but
beyond the inner coma; they were not designed to study the nucleus (Hirao & Itoh
1987).
The first images of the nucleus of a comet were returned by the Russian VEGA and
European Giotto missions at comet 1P/Halley during 1986 (Sagdeev et al. 1986; Keller
et al. 1986). These confirmed Whipple’s ‘dirty snow-ball’ model, and also showed that
Halley’s nucleus is small (rN = 5.5 km), dark (albedo 0.04 - 0.08) and elongated (axial-
ratio a/b ≈ 2). There was some debate on the nucleus’ rotation despite the wealth of
information from the probes and the extensive ground based observations that com-
plemented them (the International Halley Watch); it is now generally thought that the
nucleus is in an excited rotational state (Samarasinha et al. 2004). At its closest pass
of ∼ 600 km, Giotto had a resolution of ∼ 40 m per pixel, and was able to discern
structure such as hills and craters, and identify discrete active areas correlated with the
sources of jets (fig. 1.4 (a)).
Recently, a number of further missions have returned images of cometary nuclei,
including the first images of a JFC nucleus taken by the Deep Space 1 (DS1) probe at
19P/Borrelly (Soderblom et al. 2002). DS1 was primarily a NASA technology testing
mission, trying out a new ion drive propulsion system. It passed within ∼ 2000 km
of the nucleus and achieved a pixel scale of ∼ 50 m pix−1, showing surface details
(fig. 1.4 (b)). This nucleus was also found to be highly elongated, showing an excellent
agreement with Earth based results obtained by Lamy et al. (1998b) using the Hubble
Space Telescope, with various surface features including areas which appeared to be
smoothed and raised mesas. Again, a very low albedo (pV = 0.029) was measured.
The nuclei of the Oort cloud comet Halley and the JFC Borrelly were noted to be
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remarkably similar.
The Stardust mission to 81P/Wild 2 was designed primarily to capture dust particles
from the coma and return them to Earth for laboratory analysis, but also carried a cam-
era (Brownlee et al. 2004). The craft safely returned its samples; the results are eagerly
awaited and will cast new light on the composition and structure of the coma grains and
therefore the nucleus itself. The images returned were the most detailed yet obtained
of a nucleus (fig. 1.4 (c)), and showed considerable differences from 1P and 19P. 81P
is seen to be less elongated, and has a surface covered in large crater like formations,
demonstrating that there is significant diversity within the JFC population.
The most recent comet mission was Deep Impact at 9P/Tempel 1, which actually
made contact with the nucleus, in spectacular fashion (A’Hearn et al. 2005). This mis-
sion was designed to probe the interior of a JFC nucleus by producing a fresh crater
and studying the ejecta from it. This was achieved using a two part space-craft made up
of a mother-ship with instruments to image the nucleus (fig. 1.4 (d)) and an impactor
which collided with the nucleus. In addition, a very large ground based effort followed
the effects of the impact – primarily an expanding ejecta cloud (Meech et al. 2005).
The impactor also had its own camera, which in the seconds before the impact returned
very high resolution images from exceptionally close range. Both craft returned im-
ages which contain interesting surface features, including flat areas with bright edges
and what appear to be craters. The mission was able to make measurements of the mass
and volume of the nucleus, leading to a density measurement of 0.4 g cm−3 (Richardson
& Melosh 2006), and an implied highly porous internal structure.
The only comet mission currently funded and in flight is the Rosetta mission, which
is on its way to 67P/Churyumov-Gerasimenko (Schwehm & Schulz 1998). This ESA
mission will provide another major leap in the understanding of JFCs, as it will enter
orbit around the nucleus and follow the comet as it enters the inner solar system and
becomes active. The satellite will map the nucleus in detail and also land a probe on
the surface, and carry out various experiments to investigate the internal structure.
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1.6 Layout of this thesis
This thesis presents results from ground based time-series photometry on JFC nuclei.
Chapter 2 describes the telescopes and instruments used in this work, and the data re-
duction procedures followed to obtain accurate calibrated photometry of the nuclei.
The methods employed to gain such physical properties as size, shape and bulk density
of the nuclei from this photometric data are described in chapter 3, while the results for
individual comets are presented in chapters 4 and 5. The implications for the ensemble
properties of the JFC population, such as size and spin rate distributions, and a com-
parison with the general properties of other minor bodies, are discussed in chapter 6.
Finally, some interesting future directions for this work are suggested in chapter 7.
The reduction, analysis and interpretation of the data presented in this thesis is my
own work. I performed the observations with the assistance of Prof. Alan Fitzsimmons
or Dr. Stephen Lowry on three of the four runs, while the fourth data set was collected
for me by Dr. Lowry (see table 2.1). In the reduction and analysis I used a variety of
software; the most important were standard IRAF reduction and photometry routines,
scripts I wrote to further automate the reduction using IRAF, and periodicity analysis
software which I also wrote myself.
Chapter 2
Instrumentation and data reduction
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The data on which this thesis is based were collected over five observing runs using
three different telescopes, which are summarised in table 2.1. This chapter describes the
telescopes and instruments used, the observing strategies followed and the conditions
during each run. It then describes the techniques applied to calibrate this photometry
and obtain reduced magnitudes and colours.
2.1 New Technology Telescope
The 3.58m New Technology Telescope (NTT) was used twice in observing comets
for this thesis, between the 20th and 22nd of January 2004, and on the nights of the
5th to 7th March 2005. During the earlier run the first two nights were photometric
and the third was lost entirely due to high humidity. Three comets were observed at
distances of 4.5 ≤ Rh ≤ 5.5 AU: 7P/Pons-Winnecke, 14P/Wolf and 92P/Sanguin, and
Table 2.1: Summary of all observing runs on which this thesis is based.
Date Telescopea Nightsb Observersc Summary
Jan 2004 NTT 3 CDBS & AF 2 photometric nights, 1
lost to high humidity,
light-curves on 3 comets.
Mar 2005 NTT 3 CDBS & SCL 1.5 photometric nights,
1.5 lost to high humidity,
light-curves on 4 comets,
snap-shots on 4.
Jul 2005 INT 7×0.5 SCL 7 photometric half nights,
light-curves on 3 comets
and snap-shots on 7.
Feb/Mar 2006 INT 4 CDBS & AF 1 photometric night, 1
non-photometric, 2 lost to
blizzard, light-curves on 2
comets, snap-shots on 12.
May 2006 FTN 1 hr CDBS Follow up on 1 comet,
photometric.
aNTT - New Technology Telescope, La Silla (ESO), Chile; INT - Isaac Newton Telescope, Roque
de Los Muchachos (ING), La Palma; FTN - Faulkes Telescope North, Haleakala, Hawaii
bAmount of time allocated, in nights unless stated
cCDBS - C.D.B. Snodgrass; AF - A. Fitzsimmons; SCL - S.C. Lowry
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time-series CCD imaging was obtained for each. On the second run the latter half of
the 1st night and the third night were lost to poor weather, but conditions were photo-
metric during the remaining time. The comets targeted were at heliocentric distances
between 3 and 7 AU; snap-shot observations were obtained on four comets (43P/Wolf-
Harrington, 44P/Reinmuth 2, 103P/Hartley 2 and 104P/Kowal 2) and time-series data
was acquired on another four (17P/Holmes, 36P/Whipple, 47P/Ashbrook-Jackson and
137P/Shoemaker-Levy 2).
The NTT is an altitude-azimuth telescope of Richey-Chretien design, originally
built to test novel technologies including active optics and the characteristic angular
enclosure for the Very Large Telescope (VLT). It is situated at the European Southern
Observatory (ESO)’s La Silla site on the southern edge of the Atacama desert in Chile.
The NTT has instruments mounted at both of its f/11 Naysmith foci. The data presented
in this thesis was obtained by CCD imaging performed using the red arm of EMMI
(ESO Multi-Mode Instrument). The EMMI red arm contains a mosaic of 2 MIT/LL
2048×4096 CCDs, and was used in 2×2 binning mode to give a pixel scale of 0.332
arcsec per pixel. The effective field of view is 9.1×9.9 arcmin2. The images were taken
primarily through the Bessell R band filter, with at least one set of images taken through
the Bessell V and I filters each night for each comet to allow measurement of colour
indices.
All images were taken with the telescope tracking at the sidereal rate, with expo-
sure times chosen so that the apparent motion of the comet would be less than 0.5′′,
and would thus remain within the seeing disk. This allowed accurate measurement
of the stellar-background point spread function (PSF), and highly accurate differential
photometry. The FWHM of the stellar-background PSF was typically ∼ 1′′ in all NTT
data. The V RI-filter exposure times therefore varied between comets, depending on
their apparent motion on the sky, but were of order 100 seconds (see table 4.1 for a
full log of observations). Each comet was observed in blocks of exposures lasting ∼
20 minutes, cycling between each of the comets that were visible at any given point in
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the night. This procedure gave good temporal coverage without losing too much time
slewing the telescope between targets.
The EMMI red arm camera reads out through four individual amplifiers (two per
CCD chip) to improve read out times. At the time of the first run (January 2004) the
telescope pipeline software stored the data in a multi-extensions fits-format file with 4
extensions, one per amplifier. The telescope pointing centre falls to the left of the centre
of CCD 1. The telescope was positioned to keep the comets and the comparison field
stars on this half of the chip throughout the run to minimise the reduction workload;
the appropriate extension of the original .fits file was copied into a single extension file
before processing. By the time of the second NTT run (March 2005) the ESO software
produced only dual extension files (i.e. 1 extension per chip).
The reduction was performed using standard IRAF tasks (Tody 1986, 1993). Bias-
subtraction was performed utilising the prescan strip of CCD 1. Twilight sky exposures
were acquired during the evening and morning, and these were combined to produce
a flat-field image for each filter for each night. Comparison of evening and morning
flats revealed a slight change in illumination of the focal plane, giving a variation of
∼ 1% in the overall field illumination from one side of the image to the other. This
effect had been noted (Hainaut 2003) in images taken with the SuSI (Superb Seeing
Imager) instrument, which is mounted at the opposite Naysmith focus to EMMI, and
was attributed to scattered light from the Naysmith mirror baffle, which varies with
rotator angle. As this is due to the telescope and not the instrument, I assume that this
is also the cause of the illumination differences in the EMMI images. It was found
that averaging both morning and evening flats for each filter cancelled this effect out,
as the rotator angle was ∼ 180◦ different between morning and evening. With prior
knowledge of this issue on the second run, it was countered by taking sets of flats at a
number of opposing rotator angles, which when averaged corrected the problem. Note
that this problem is due to scattered off-axis light from the bright twilight sky; it does
not affect the astronomical data as the scattered light is entirely negligible once the sky
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is dark.
2.2 Isaac Newton Telescope
The 2.5m Isaac Newton Telescope (INT) [part of the Isaac Newton Group (ING) of
telescopes at the Roque de Los Muchachos observatory on the island of La Palma]
was also used on two occasions to obtain light-curves of cometary nuclei. The first
was in July 2005, on seven nights (July 1st - 7th) around the time of the Deep Impact
mission’s encounter with 9P/Tempel 1. The telescope was being used to follow the evo-
lution of the dust coma and tails of this comet before and after the impact (Lowry et al.
2005), but was available during the later half of each night after 9P had set. All seven
nights were photometric; time-series data was collected on three comets [40P/Vaisala 1,
94P/Russell 4 and P/2004 H2 (Larsen)] and snap-shot observations were made of 7
others. The telescope was used again between the 27th of February and the 2nd of
March 2006, during which the first two nights were lost due to severe winter weather.
The third night was clear but non-photometric, while the 4th was photometric with
periods of excellent seeing (the FWHM of the image PSF varied between 0.8 and
2.7′′, with a median of 1.1′′). Time series observations of comets 36P/Whipple and
121P/Shoemaker-Holt 2 were obtained, and snap-shots were taken of 12 other objects.
The imager on the INT is the Wide Field Camera (WFC) which is mounted at the
primary focus. The WFC is a mosaic of four thinned EEV 2048×4096 pixel CCDs,
which has a pixel scale of 0.33′′ per pixel and a total field of view of 34′ on a side.
The wide field nature of the camera is not necessary to this work, and as with the
NTT only one element of the multi-extension fits file is used to minimise the reduction
workload. In the 2006 data this mostly corresponds to the central CCD 4, while the
comets were centred on CCD 3 in the 2005 data as the telescope pointing had been
offset to make use of the full width of the WFC mosaic in observing 9P’s tails. Even
the single CCD has a field of view of 11.5×23 arcmin2, which gives the advantage
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of having a constant set of comparison stars over two nights for all but the fastest
moving comets, allowing light-curves to be fully differential with no uncertainties from
night to night calibration (see section 2.4). Also, by a fortuitous coincidence, comets
44P/Reinmuth 2 and 47P/Ashbrook-Jackson were close together on the sky during the
February/March 2006 run, and the wide field of the WFC allowed both to be observed
simultaneously giving ‘two for the price of one’. 44P fell on CCD 1 and 47P fell on
CCD 2.
The same observing strategy was followed as for the NTT observations, cycling be-
tween targets with ∼20 minute blocks of observations, with exposure times chosen to
keep the comet motion below 0.5′′. For the third night of the February/March 2006 run
(the first night of actual observations) the seeing was poor (median PSF FWHM ≈ 2′′),
so exposure times were doubled, keeping the motion at 1′′, while increasing the signal-
to-noise (S/N) to counter the decrease due to the poor seeing. Again occasional V - and
i′-band frames were taken between r′-band frames to measure the comet colours; the
filters used were the Harris V and Sloan r′ and i′. The Sloan filters have the advantage of
having sharp cut-on and -offs with little overlap in sensitivity at wavelengths between
the bands, although further reduction steps are required as the i′-band has significant
fringing which had to be subtracted from the data manually for each frame, as pipelines
or automated routines failed to measure the fringe brightness correctly. The basic re-
duction was carried out using IRAF routines in the same way as for the NTT data for
the 2006 run, with the pre-scan region of the appropriate CCD used for bias subtraction
and twilight sky flats used for flat fielding. It was only possible to obtain twilight flats
on the 4th night, when both morning and evening flats were taken, so the average night
4 flat field was used for both nights. The 2005 data was reduced (along with the 9P data
taken during the run) using the Wide Field Survey (WFS) pipeline1; inspection of data
from each run showed that both reduction methods gave equally good results.
1http://www.ast.cam.ac.uk/∼wfcsur/
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2.3 Faulkes Telescope North
The Faulkes Telescope project consists of two identical 2.0m robotic telescopes, of
Alt-Az design, the North (FTN) on the mountain of Haleakala on Maui, Hawaii, and
the South (FTS) at Siding Springs, Australia. The telescopes can be operated in two
different modes; fully robotic off-line mode, or under direct control of observers in re-
mote on-line mode. The Faulkes Telescope Project primarily exists to provide access to
large telescopes for schools use, who use the on-line interface to control the telescopes
in real time, but it is also used by a number of research groups who take advantage
of the robotic nature of the telescopes for either automated surveys (e.g. microlens-
ing searches for extrasolar planets2), fast response (e.g. Gamma Ray Burst follow up),
or flexible scheduling of regular short observing sessions (e.g. Near Earth Asteroid
tracking3).
I used approximately 1 hour of time on the 31st of May 2006 to perform follow up
observations on comet 121P/Shoemaker-Holt 2, which INT observations had shown
to be brighter than expected and showing evidence of having only recently ceased
out-gassing (see chapter 5), to search for any sign of continuing activity. The comet
was imaged in the Bessell R-band using the DillCam CCD imager, which has a sin-
gle 2048×2048 pixel CCD with a pixel scale of 0.278 arcsec per pixel in the default
2×2 binning mode, giving a 4.6×4.6 arcmin2 field of view. Frames were also taken
of the comet through the Bessell V -band, and of standard stars through both bands, to
allow for photometric calibration. The comet appeared fainter than expected, although
subsequent calibration showed that the comet magnitude matched the predicted value,
and that the low S/N ratio in individual images was due to a loss of sensitivity. This
appears to be due to deterioration of the telescope mirror surface; analysis of standard
star calibrations performed by the United Kingdom Astrometry and Photometry Pro-




18 months (Fitzsimmons, private communication 2006). While the ease of scheduling
short periods of time for such ‘quick look’ follow up observations is a major advantage
of the robotic FTN, this loss of sensitivity beyond mR ≈ 20 meant that the usefulness of
the FTN data to search for continuing faint activity around 121P was limited, and this
telescope was not used for other faint comets.
2.4 Photometry
Photometry was performed on the comets using custom written semi-automated rou-
tines which measure the brightness of the comet and a number of comparison stars in
each frame to give a differential light-curve, obtain calibrated magnitudes and colours,
and perform some of the activity level analysis that is described in the next chapter.
Here I describe the methods by which these routines determine accurate photometry.
Differential photometry provides a precise measurement of how the brightness of
the comet varies with time by comparing it to the brightness of nearby field stars, which
can be assumed to have constant intrinsic brightness. This assumption is checked by
plotting the brightness of each comparison star against time, and rejecting any which
are seen to vary relative to the others. The difference in brightness between the stars
and the comet will then only be affected by intrinsic variations in the light from the
comet, as all other effects (such as variable absorption by thin clouds) should affect
both the stars and comet equally and therefore cancel out.
The routines first use the two IRAF packages DIGIPHOT and APPHOT (Davis
1999) to perform photometry within circular apertures centred on the comet position
and on the stars. The aperture radii were set equal to the FWHM of the stellar PSF,
which has previously been found to be the optimum for maximising S/N (Howell
1989). Choosing aperture radii as a function of stellar PSF also counters the problem
of variations in measured brightness with changing seeing, which is encountered when
using small fixed apertures (Licandro et al. 2000a). In addition, photometry of the field
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stars used to measure the differential magnitudes, and of standard stars from the Lan-
dolt (1992) catalogue, was performed using an aperture of diameter 10′′. The smaller
aperture was used for differential photometry between the comets and field stars, while
the larger diameter was used for photometric calibration and was that used by Landolt.
The calibrated magnitude of an object in a given waveband mλ is related to its
instrumental magnitude m′λ by the following equations, for the λ = V,R, I bands used
to study the comets:
mV = m
′
V −ZPV − kV XV − k′V (V −R) (2.1)
mR = m
′
R−ZPR− kRXR− k′R(V −R) (2.2)
mI = m
′
I −ZPI − kIXI− k′I(R− I) (2.3)
where ZP is the zero point, k is the extinction, X is the airmass, k′ is the colour term
and (V −R) and (R− I) are the object colours [the differences between mλ in the V and
R bands, and the R and I bands respectively]. Using the IRAF package PHOTCAL,
Landolt’s tables of mV and colours and the measured m′λ for the same standard stars,
these equations were solved to give the zero-point, extinction coefficient4 and colour
term for each filter for each photometric night (these are listed in table 2.2). For a given
instrument and filter combination k′ should be constant; inspection of table 2.2 shows
that the measured values for each telescope were constant within the uncertainties on
each. These calibration constants were then used to calculate the magnitudes of the field
stars in each frame; taking the mean of these values gave a very accurate measurement
of the brightness of the comparison stars, mR(s)±σR(s). Adding this value to each of
the differential comet magnitudes gave accurate calibrated comet magnitudes. As the
magnitude of the stars should not vary over the course of the night, the error σR(s) is
simply the standard deviation on this average. This is normally small compared with
4Both the 2004 NTT and 2005 INT runs had relatively few standard star observations, so the ex-
tinction coefficient was measured using bright field stars which were observed at a range of airmasses.
Using this value for k and the limited standard star observations allowed the equations to be solved for
ZP and k′.
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the formal errors on each magnitude, which include uncertainties in the values of ZPR,
kR and k′R; this method reduces the formal uncertainty on the comet photometry by
including all calibration uncertainty within σR(s) instead of direct calibration of each
point, which would have to include the errors on each term.
There is also a colour term involved in the transformation from differential to cali-
brated magnitudes, due to the difference in colour between the stars and the comet. The





+mR(s)+ k′Rδ(V −R) (2.4)
where the term in brackets is the differential instrumental magnitude, and δ(V −R) is
the difference in (V −R) colour between the star and the comet. When k′R is low (as
with the NTT observations with |k′R|. 0.06 during both runs) and the comparison stars
and the comet have similar colours, the final term is negligible. Care was taken to select
comparison stars with colours in the range expected for cometary nuclei to minimise
any uncertainties in this colour term, although experimentation found this method of
obtaining calibrated photometry to be robust and independent of which comparison
stars were chosen. In the INT data, with Sloan r′ and i′ filters, the colour terms are sig-
nificant for even slight differences between star and comet colours. As can be seen, the
dependance on the comet colour in the calibrated magnitude causes the determination
of both the magnitude and the colours to be an iterative process. A direct calibration of
the comet photometry was used to provide a first estimate of its colour (with large error
bars), and therefore calibrated magnitudes and from those a revised (V −R) colour.
This method typically found a stable solution within three or four iterations.
For most of the comets which were only observed in snap-shots, only R- or r′-
band frames were taken. In these cases the colours of the stars and of the comet
were unknown, and the colour contribution to mR could not be calculated. For those
comets which were bright and had short sequences of observations, the above calibra-
tion method was used, and it was assumed that the star and comet colours were close
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enough to give δ(V −R) = 0. As most stars in any given field were likely to be late
type main sequence stars (Christian et al. 2006) their colours would generally be close
to Solar, and therefore similar to typical nuclei colours, this assumption is justified.
This was also found to be the case observationally in those fields that were observed
through multiple filters. For some snap-shot comets there were either few frames, or a
combination of all frames was required to detect the comet, in which case the bright-
ness of the comet was measured in the combined frame and calibrated directly using
equation 2.2 and assuming a typical nuclear colour of (V −R) = 0.45 (see chapter 6).
Although these assumptions obviously introduce some uncertainty into the value of mR
measured in snap-shots, these were generally short observations of faint nuclei, and this
uncertainty does not contribute significantly to the total error bars on the photometry.
During the INT run in February/March 2006 the 3rd night was non-photometric;
inspection of the instrumental magnitudes of bright stars showed some variation due
to thin cloud. However, as stated above the wide field of view of the WFC meant that
the target comets were in approximately the same star field on the 4th night, which was
photometric, so differential magnitudes from the 3rd night were simply calibrated from
the colours and magnitudes of the stars on the 4th.
It is important to note that while the calibration onto standard magnitude scales is
necessary for comets in different star fields, and to allow calculation of absolute mag-
nitudes and colours for the objects, searching for periodicity can be done just as well
using differential light-curves. Where possible the differential light-curve is preferred
as it contains no sources of error beyond the photometric measurement uncertainties,
allowing optimum measurement of the relative variation of brightness with time. The
next chapter describes the techniques used to derive physical properties of cometary
nuclei from this photometry.
2.4 Photometry 34
Table 2.2: The calibration constants (Zero-point ZP, extinction k and colour term k′)
for each photometric night.
Date ’scope Filt.a ZPb k k′
20/01/2004 NTT V −0.940±0.032 0.137±0.019 −0.003±0.026
R −1.052±0.010 0.091±0.001 −0.024±0.020
I −0.616±0.044 0.049±0.025 0.060±0.042
21/01/2004 NTT V −0.936±0.066 0.144±0.039 0.013±0.039
R −1.047±0.027 0.071±0.003 0.061±0.047
I −0.616±0.044 0.023±0.040 0.219±0.135
05/03/2005 NTT V −0.929±0.022 0.158±0.012 −0.029±0.019
R −1.042±0.031 0.098±0.016 −0.059±0.024
I −0.601±0.037 0.064±0.019 −0.056±0.027
06/03/2005 NTT V −0.917±0.015 0.150±0.011 −0.062±0.013
R −1.024±0.015 0.075±0.010 −0.061±0.009
I −0.587±0.014 0.057±0.009 −0.059±0.010
01/07/2005 INT V 0.202±0.026 0.147±0.018 0.007±0.011
r′ 0.314±0.040 0.083±0.022 0.295±0.042
i′ 0.897±0.024 0.027±0.014 0.232±0.028
02/07/2005 INT V 0.251±0.028 0.146±0.005 −0.008±0.065
r′ 0.332±0.008 0.106±0.004 0.404±0.030
i′ 1.030±0.068 0.059±0.003 0.259±0.249
03/07/2005 INT V 0.206±0.011 0.156±0.005 −0.004±0.025
r′ 0.259±0.011 0.132±0.005 0.284±0.037
i′ 0.987±0.007 0.076±0.004 0.178±0.021
04/07/2005 INT V 0.260±0.012 0.145±0.007 −0.083±0.028
r′ 0.326±0.005 0.099±0.005 0.247±0.016
i′ 1.017±0.007 0.046±0.005 0.207±0.019
05/07/2005 INT V 0.239±0.008 0.143±0.006 0.001±0.020
r′ 0.295±0.004 0.132±0.005 0.259±0.011
i′ 0.987±0.007 0.083±0.005 0.264±0.019
06/07/2005 INT V 0.214±0.011 0.127±0.005 0.063±0.022
r′ 0.305±0.005 0.094±0.003 0.300±0.018
i′ 1.053±0.042 0.025±0.003 0.143±0.131
07/07/2005 INT V 0.245±0.008 0.125±0.005 −0.024±0.017
r′ 0.308±0.024 0.094±0.004 0.218±0.074
i′ 0.984±0.014 0.067±0.003 0.192±0.046
02/03/2006 INT V 0.113±0.056 0.210±0.041 −0.038±0.030
r′ 0.262±0.020 0.114±0.015 0.244±0.013
i′ 0.868±0.026 0.093±0.019 0.187±0.019
31/05/2006 FTN V 1.736±0.017 0.119±0.012 0.069±0.009
R 1.837±0.052 0.086±0.040 0.093±0.031
aThe filters used varied; the terms given convert instrumental magntiudes through the given filter
onto the standard Landolt VRI system.
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This chapter gives detailed descriptions of the methods used to obtain such physical
parameters as size, shape and spin rate of nuclei from photometric data. I also describe
how the level of any faint activity is quantified, and discuss how the shape and spin rate
can be used to constrain the internal structure of the nuclei by inferring properties such
as bulk density and porosity.
3.1 Deep imaging search for activity
The first issue that must be considered when observing supposedly inactive nuclei at
large heliocentric distance is to confirm that they are indeed inactive. To do this very
deep images of the comet are produced, in which any faint coma will be visible. A fur-
ther check is then carried out by plotting a surface brightness profile, as even apparently
inactive comets can have unresolved residual coma.
A combined image is produced by first combining all R-band images to calculate the
median image for the data, giving a deep image of the background star field without the
comet or cosmic rays. For slow moving comets it is frequently necessary to produce
this background image using only alternate frames or less, to ensure that the comet
has moved sufficiently to be entirely removed from it. A scaled version of this image
is then subtracted from each individual R-band frame, removing fixed objects and the
background sky. Each subtracted frame is then shifted to centre on the comet, and these
are combined using a median filter to remove cosmic rays and leave only the comet.
The brightness profile of the comet measured in this combined image is compared
with the point spread function (PSF) of the image to search for any unresolved activ-
ity. A completely inactive comet nucleus, with a radius of a few km at distances of
a number of AU, will be unresolved even using the largest telescopes, and therefore
should appear as a point source and the profile will match the image PSF entirely. The
image PSF is obtained from the profile of a bright star measured in the deep star field
(background) image. The stars in each individual frame give a measurement of the PSF
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Figure 3.1: Surface brightness profile (SBP) of 7P/Pons-Winnecke, as an example:
Here the surface brightness in mag. arcsec−2 is plotted as a function of radius ρ from
the centre of the comet in arcsec. The profile is indistinguishable from the scaled stellar
PSF (the solid line), implying that the comet is a point-source, and therefore inactive.
At a surface brightness of Σ ≈ 30 the flux is only a few counts per arcsec2, even in
combined images giving long exposures with 2-4m class telescopes.
at that time; by measuring the PSF in the combined image all seeing variations and any
errors associated with shifting the images to a common centre are included. Theoreti-
cally, any remaining difference between the comet and the stellar PSF is therefore due
to the comet being a non-point source (i.e. showing faint activity), although in practice
there is often a slight broadening of the comet profile due to errors in shifting of frames
to comet centred co-ordinates. This is minimised by using the measured comet centre
to calculate the shifts between images for long sequences, instead of the predicted mo-
tion from ephemerides, as the motion of the comet on the sky is likely to be non-linear
over the course of a night. The example shown in fig. 3.1 (of 7P/Pons-Winnecke) is
indistinguishable from the scaled stellar profile, and therefore the PSF, and means that
this comet was effectively inactive at the time of observation.
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To put quantitative limits on any unresolved coma, I measure the surface brightness
Σc at a large distance ρ (arcsec) from the centre of the comet image. I set ρ = 5′′ as at
this radius any coma present should dominate the observed flux. The measured FW HM
of the combined comet image is typically ∼ 1′′, given the seeing conditions at the time
of the observations (see chapter 2). The integrated coma magnitude mc measured within
this aperture can be compared with the calibrated total magnitude mR, as an aperture of
ρ = 5′′ is to calibrate the field stars, therefore including an implicit aperture correction
in the comet magnitude. For a steady state coma, the surface brightness is inversely
proportional to ρ, and mc is given by (Jewitt & Danielson 1984):
mc(ρ) = Σc(ρ)−2.5log(2piρ2). (3.1)
The fraction of the flux f which could then be due to any unresolved coma can then
be limited to being f ≤ 100.4(mR−mc). When this is less than ∼ 10% the nucleus can be
assumed to be effectively inactive, as any coma can only contribute at a level below the
typical errors on the comet photometry in individual frames.
3.2 Absolute magnitude and nucleus size
The observed magnitude of a cometary nucleus is given by
mR = mR(1,1,0)+5log(Rh∆)+βα, (3.2)
where mR(1,1,0) is the ‘absolute’ magnitude of the nucleus as it would be measured at
a hypothetical point with heliocentric (Rh) and geocentric (∆) distances of 1 AU and a
phase angle α = 0◦. For well studied asteroids, the phase function is described using the
H-G system, which includes the ‘opposition surge’ that causes an increase in brightness
at low phase angles (α≤ 2◦) and a non-linear response at large α. Such phase functions
take a large number of observations over a full range of phase angles, and such data
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simply do not exist for cometary nuclei. It is therefore necessary to assume the simple
model of a linear phase function, which is justified as none of the observations are at
very large phase angle and few are at very low phase angle, so the nuclei were generally
in the linear phase function regime. With observations over short time-frames (typically
only two nights in each run) at approximately constant α, the phase coefficient β cannot
be independently measured. I therefore take the commonly assumed value of β = 0.035
mag. deg−1 (Lowry & Fitzsimmons 2001). For most of the comets studied the variation
in the last two terms was found to be negligible over the observing run; for example for
7P the difference in mR due to these terms between the first and last frame was found
to be δmR = 0.008 mag, considerably smaller than the uncertainty on the individual
measurements. As the conversion to absolute magnitudes is therefore unnecessary, I use
apparent magnitudes to produce a light curve. The exceptions are those comets which
were observed over 4–7 nights during the July 2005 INT run, which had δm ≈ 0.04
mag, and were consequently reduced to absolute magnitudes.
The average radius of the nucleus rN (m) is given by (Russell 1916)
pRr2N = 2.238×1022R2h∆2100.4(m⊙−mR+βα) (3.3)
or, in terms of the absolute magnitude,
pRr2N = 2.238×1022100.4(m⊙−mR(1,1,0)) (3.4)
where pR is the geometric albedo and m⊙ = −27.09 is the apparent magnitude of the
Sun1, both in the R-band. The other terms are as defined above.
The geometric albedo is defined as the amount of light reflected by a surface at zero
phase angle compared with a ‘perfect’ reflecting surface at a given wavelength. It can
be measured for resolved objects as the disk integrated brightness and the true surface
area of the disk can be measured, but this applies only to those comets which have been
1From the Solar mV =−26.74 and (V −R)⊙ = 0.35 (Holmberg et al. 2006)
3.2 Absolute magnitude and nucleus size 40
visited by space-craft. The albedo can be measured from Earth by measuring the bright-
ness of the nuclei at both visual and thermal (infrared) wavelengths simultaneously and











where S0 is the solar flux at 1 AU, ε is the thermal emissivity, η is the beaming param-
eter, which scales the thermal emission to account for its angular distribution, and T is
the temperature of a point [latitude and longitude (θ, ψ), where (0,0) is the sub-solar
point] on the surface of the nucleus. A is the Bond albedo, which is the product of the




where Φ(α) is the phase function. Strictly, A in equation 3.5 is the bolometric Bond
albedo (i.e. the Bond albedo integrated over all wavelengths) however for fairly grey
bodies such as most Solar System minor bodies the albedo varies little with wavelength
and pR≈ pV ≈ pbol. Nuclei are not grey but slightly red, with a spectral gradient of∼ 10
% per 1000 A˚. However this gives a variation in reflectance over the whole visual range
that is less than the uncertainty on the few measured albedo values, and consequently
the albedo is generally assumed to be approximately constant with wavelength for the
purposes of measuring radii.
The critical modelled parameter is the temperature map T (θ,ψ). There are two
common models to describe the thermal state of the nucleus; the Standard Thermal
Model (STM) and the Isothermal Latitude Model (ILM). STM describes a body which
is not rotating, and therefore temperature is at a maximum at the sub-solar point and
decreases with distance from it over the sunlit hemisphere, with T = 0 over the perma-
nently dark side. ILM describes a fast-rotating body (or one with high thermal inertia)
in which there is no change in temperature between the day and night sides and the tem-
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perature depends on distance from the equator. Results from the Deep Impact mission
show that the STM gives an excellent description of the nucleus of 9P; it is rotating, so
this implies that it has very low thermal inertia (A’Hearn et al. 2005).
The geometric albedo of cometary nuclei has previously been found to be very
low (Lamy et al. 2004), with a mean value around pR = 0.04. This value is used for
the comets studied in this thesis, for which the albedos have not been measured. The
uncertainties on the nuclear radii given in this thesis are based purely on the uncertainty
in the photometry, and do not take into account any uncertainties in the values of either
pR or β, which at ∼ 50% (Lamy et al. 2004) entirely dominate the size measurement in
the case of precise photometry.
3.3 Period finding
I use a version of the method of Lomb (1976) to search for periodicities in the brightness
variations of the comet. I fit a first-order Fourier model:
mR(t) = C +Acosωt +Bsinωt (3.7)
to the data for a range of frequencies ω, finding the optimum coefficients A, B and C
for each and calculating the reduced χ2 for each to produce a periodogram (fig. 3.2
shows the periodogram for 14P/Wolf as an example). The reduced χ2 is χ2/ν, where ν
is the number of degrees of freedom of the model, given by ν = (N−3) where N is the










This compares each data point Xi to the model value µi at that point, where σi is the
error on each Xi. A good fit to the data, where the scatter of residuals is a gaussian with
1σ variance, gives χ2/ν = 1±√2/ν. Larger values of χ2/ν imply that the model is less
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Figure 3.2: Periodogram showing reduced χ2 against period. The horizontal line shows
the expected value of χ2/ν for 1σ residuals. The example here is for 14P/Wolf.
than optimal, while lower values imply that the error bars have been over-estimated.
Assuming that the variation in brightness is due to the nucleus being a rotating non-
spherical body, the rotation period Prot is twice the fitted period Pfitted. This produces the
expected double peaked light-curve. The shape of some of the light-curves presented in
chapter 5 (e.g. 14P/Wolf) suggest that a higher order fit, with two minima of different
depths, may give a better model to the data. This would suggest a departure from a sim-
ple tri-axial ellipsoid, as this sort of light-curve would be produced by a rotating body
with, for example, a pear-like shape. To look for higher order fits, and evaluate the more
complex shape models that would reproduce them, requires a very well sampled light-
curve. This has been done for a number of asteroids (Kaasalainen et al. 2002) which
are bright and have short rotation periods, lending themselves to precise high cadence
time-series photometry with dedicated observations using smaller aperture telescopes.
The data presented in this thesis was obtained with the aim of measuring the rotation
periods of a large number of comets, therefore the observations cycled over a number of
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targets and do not provide the complete phase coverage required for such an analysis.
Higher order variations in the comet data were investigated by fitting a more general
model




Al cos lωt +Bl sin lωt (3.9)
but this generally did not produce an improved χ2/ν for M = 2 or higher orders. With
relatively sparse data it would have been difficult to justify a choice of a higher order
fit without a significant improvement in reduced χ2. This more general model has
ν = N− (2M + 1), taking into account the inclusion of more model parameters. For
M = 1 this reduces to the simple first order equation.
I also test the null hypothesis that there is no periodic variation by fitting a M = 0
constant brightness model, and compare the reduced χ2 with the best fit periodic mod-
els. This also gives a good measurement of the mean magnitude for calculating the ra-
dius of the equivalent spherical nucleus, which is the rN quoted in the presented results.
However nearly all of the comets studied with time-series photometry had significant
variation; the null hypothesis was formally rejected and the nuclei were found to be
rotating elongated bodies, for which the effective radius is only an approximation.
3.4 Nucleus shape and density
3.4.1 Elongation
I assume that the brightness variations are due to the changing observed cross-section
of a rotating elongated nucleus. This is a fair assumption, as those nuclei which have
resolved images observed during comet fly-bys by spacecraft have been observed to
be non-spherical (see section 1.5 of chapter 1). However, there is another plausible
explanation for periodic photometric variation; that instead of changing cross-section
of a non-spherical nucleus the brightness variations are caused by albedo variations
across the surface of a spherical body (for example, a bright spot on one side of the
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nucleus). This provides one motivation for performing multi-colour observations of
the nuclei, as the broad-band colour variations with rotation would imply changes in
the hemispherically averaged surface properties of the nucleus, and therefore likely
albedo variations. The colours measured at different phases were consistent for each
of the comets presented in this thesis, supporting the assumption that the brightness
variations observed were shape induced.
I model the nucleus as the simplest non-spherical shape, a tri-axial ellipsoid with
semi-axes a, b and c where a > b and b = c. The axial-ratio a/b is related to the




following the usual method of converting a difference in magnitudes into ratio of fluxes.
As the reflected flux is directly proportional to the area, this gives the axial-ratio, as the
maximum cross-sectional area of such an ellipsoid (piab) divided by the minimum area
(pib2) gives a/b. This gives a lower limit on a/b as it is only the axial-ratio projected
onto the plane of the sky, and the orientation of the rotation axis is unknown. The
axial-ratio gives only a very simplified description of shape; it does not contain enough
information to adequately describe an irregularly shaped nucleus.
The mean radius of the equivalent spherical nucleus and the minimum axial-ratio
can be taken together to give dimensions for the ellipsoidal nucleus. The measured rN
is taken from the mean magnitude, i.e. the magnitude half way between the minimum
and maximum, and corresponds to the flux reflected by a cross-sectional area half way








Substituting in a = ab .b, simplifying, and setting this equal to the cross-sectional area
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and a is found using the above substitution. Again these are only limits on the true
dimensions as the projected axial-ratio gives only the minimum true axial-ratio, and
the shape of the nucleus is likely to be more complex than a simple ellipsoid.
Figure 3.3 shows the rotation periods and projected axial-ratios for all JFCs pub-
lished by other investigators that have reliable measurements of these properties. It also
shows the limits on bulk density that can be found using a/b and Prot (see next section).
The fastest rotating comet in fig. 3.3 is 133P/Elst-Pizarro. This object is thought
to be an asteroid-comet transition object; it was first found and numbered as asteroid
7968, and has an asteroid-like orbit, but has subsequently been found to have a dust
trail along its orbit, and shows sporadic activity (Hsieh et al. 2004; Toth 2006). It has
been classed as a JFC, but this and similar objects have recently been shown to be from
a dynamically and possibly compositionally distinct population (Hsieh & Jewitt 2006),
hence I disregard it when discussing the global properties of the JFC population.
3.4.2 Bulk density
Various methods exist to measure the bulk density of Solar System bodies. Clearly the
most reliable method is direct measurement where both the volume and mass of the
body are known, but this applies only to resolved bodies whose gravitational effect on
moons or other bodies can be measured; i.e. the major planets. Visits by space-craft
present an opportunity to measure the density of minor bodies as they obtain resolved
images and allow measurement of the mass of the body due to the deflection of the
space-craft it causes. The change in velocity of the space-craft ∆V is related to the



































Bulk density [g cm-3]
48P/Johnson
133P/Elst-Pizarro
Figure 3.3: Rotation period against projected axial-ratio, for all JFC nuclei with light-
curves observed prior to the work presented in this thesis. The lines show lower limits
on density, from equation 3.29, of 0.02, 0.06, 0.20, 0.60 and 2.00 g cm−3. Data from:
2P/Encke: Ferna´ndez et al. 2005; 6P/d’Arrest: Lowry & Weissman 2003; 9P/Tempel
1: A’Hearn et al. 2005; 10P/Tempel 2: A’Hearn et al. 1989; 19P/Borrelly: Lamy et al.
1998b; 22P/Kopff: Lowry & Weissman 2003; 28P/Neujmin 1: Delahodde et al. 2001;
29P/Schwassmann-Wachmann 1: Meech et al. 1993; 31P/Schwassmann-Wachmann 2:
Luu & Jewitt 1992; 46P/Wirtanen: Boehnhardt et al. 2002; 48P/Johnson: Jewitt &
Sheppard 2004; 49P/Arend-Rigaux: Millis et al. 1988; 107P/Wilson-Harrington: Osip
et al. 1995; 133P/Elst-Pizarro: Hsieh et al. 2004; 143P/Kowal-Mrkos: Jewitt et al.
2003.




where G is the gravitational constant, r is the distance between the object and the
spacecraft at closest approach and V∞ is the relative velocity between them at infin-
ity. Unfortunately this method has yet to be applied directly to cometary nuclei, as
the ∆V on comet flyby space-craft has been below the level measurable by track-
ing stations (Weissman et al. 2004). The unambiguous mass measurement of comet
67P/Churyumov-Gerasimenko will be one of the interesting results from the Rosetta
mission; its presumed low value also presents a significant challenge for the mission
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controllers trying to place the satellite in orbit around the nucleus.
Where there are not resolved images of bodies, the volume must be assumed based
on sizes and approximate shapes obtained from photometry as described above. The
mass can be found remotely by one of a number of techniques. Larger bodies can have
their mass determined by measuring the gravitational perturbation that they cause to
other bodies. However, the mass of cometary nuclei is too small to cause such pertur-
bations. A large number of minor bodies have been found to be binaries or multiple
systems; in such systems the motions around the system barycentre can be used to de-
termine the mass. In asteroids approximately 15% of the near Earth population are
binaries or multiple systems (Merline et al. 2002; Pravec et al. 2006); for KBOs the
observed binary fraction is ∼ 2%, with a higher fraction for close binaries than for sys-
tems with widely spaced components (Kern & Elliot 2006). Recently Noll et al. (2006)
reported the first discovery of a binary Centaur, (42355) 2002 CR46. As yet, however,
there have been no clear detections of satellites to cometary nuclei. A theoretical com-
panion has been invoked to explain outbursts on 17P/Holmes (Whipple 1984, 1999)
but this is speculative and requires that the companion was destroyed in a collision pro-
ducing the second outburst. There are two suggested detections of companions; one
orbiting within the coma of the bright comet Hale-Bopp (Sekanina 1997), the other
around 26P/Grigg-Skjellerup (McBride et al. 1997). There is some debate as to the re-
ality of the Hale-Bopp companion (see Lamy et al. 2004), while the second case suffers
from the common problem of determining whether fragments from nuclei are actually
gravitationally bound (i.e. satellites).
Comets frequently split (Boehnhardt 2004), although fragments are seen to follow
their own orbits around the Sun having escaped from their mutual gravitational influ-
ence. This can be used to put very approximate limits on the density DN of (assumed
spherical) nuclei, as the separation velocity vsep of the fragments must exceed the es-
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cape velocity vesc of the nucleus:









For a typical nucleus with a radius of 1 km, this means that
DN ≤ 1.79v2sep, (3.16)
where the density is expressed in g cm−3. Boehnhardt (2004) gives separation ve-
locities from modelling of split comets, mostly by Sekanina and co-workers. For the
mean observed separation velocity for short period comets, 2.7 m s−1, this gives the
very weak constraint of DN ≤ 13 g cm−3. The smallest separation velocity reported by
Boehnhardt (2004) for short-period comets is vsep ≈ 0.3 m s−1, implying a low density
of DN ≤ 0.16 g cm−3. This method of limiting densities is however inherently approx-
imate and dependant on the models of the dynamics of the comet fragments, which
generally experience significant non-gravitational acceleration as the fragmentation ex-
poses fresh ice which sublimates in the sunlight.
Such non-gravitational accelerations can however be used to directly estimate the
mass of single nuclei, using a technique developed by Rickman (1986, 1989). The
rocket like effect of asymmetric out-gassing from the nucleus produces a net acceler-
ation on the nucleus, which causes the observed change in orbital period ∆P from the
expected Newtonian orbit. The non-gravitational acceleration is quantified by the vec-
tor j, which can be split into 3 orthogonal components: jr in the radial (Sun–comet)
direction, jt in the transverse direction and jn in the direction normal to the orbital


















where n is the mean motion, a the semi-major axis, e the eccentricity and θ the true
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anomaly. The mass M of the comet can then be determined by equating
Mj =−Qmu, (3.18)
where Q is the gas production rate, m the average molecular mass and u the outflow
velocity. By modelling Q(t) to match the heliocentric light-curve (i.e. assuming that
brightness changes are directly related to changes in gas production rate) equations
3.17 and 3.18 can be used to solve for the nucleus mass. This has been carried out
for a number of comets, and gives densities in the range ∼ 0.01 – 1.0 g cm−3 (Sosa &
Ferna´ndez 2005), although with large error bars due to the large number of assumptions
that have to go into such a model-dependant approach. Recently Davidsson & Gutie´rrez
(2004, 2005, 2006) improved the basic approach to include a full thermo-physical nu-
cleus model, with discrete active areas, to reproduce the observed gas production curve.
This method is again model dependant and is also complicated and computationally in-
tensive, and requires very detailed observational constraints to fulfil its potential (their
results for 19P/Borrelly are based in part on results from the Deep Space 1 fly-by).
The final method for constraining the density of minor bodies, and the one used
here for nuclei, is based on the rotational properties. It is assumed that nuclei have
negligible tensile strength, as evidenced by the break up of D/Shoemaker-Levy 9 under
the gravitational influence of Jupiter (Asphaug & Benz 1996) and results from the Deep
Impact mission to 9P/Tempel 1 (A’Hearn et al. 2005); see also Weissman et al. (2004).
Therefore a lower limit on the density can be found by balancing self gravity with




where Prot is in hours. This equation provides an acceptable approximation to the more
complex solution found by integrating over the volume of an ellipsoid. Following
Richardson et al. (2005), this is given by balancing the centripetal acceleration at the
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end of the long axis
(2pi/Prot)2a (3.20)
with the gravitational acceleration at this point, given by integrating over the volume
of an ellipsoid of uniform density DN. Expressing the volume integral in cylindrical
coordinates (r,φ,z), the force balance equation for a particle at the end of the long axis













[(z−a)2 + r2]3/2 dϕdrdz (3.21)
where G is the gravitational constant. The symmetry of the ellipsoid means that the
integral over ϕ simply gives a factor of 2pi on the right hand side of this equation, while












(z−a)2 +b2(1− z2/a2) +1 (3.23)














Using a symbolic integrator2 and then applying the boundary conditions z = ±a, the
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Using q to denote the inverse of the axial-ratio (i.e. q = b/a) and substituting qa for b





























taking the constants to the left hand side, simplifying the logarithm term by dividing
both numerator and denominator by (e−1), and taking the square root of both sides to
















The derivation of this expression is also given by a slightly different route using energy
of the system by Harris (2002, appendix). Equation 3.29 is entirely equivalent to the
commonly used expression given by Luu & Jewitt (1992), who use the symbol f for
the inverse axial-ratio given by q above, and quote the gravitational acceleration in the
form of equation 3.27, but without combining the logarithm terms.
Instead of calculating the density required by a given shape, an alternative approach
is to start with the bulk properties and calculate the shape which the body would take
under equilibrium conditions. There is a long history of these studies for fluid bodies,
starting with Newton and progressing through the works of Maclaurin and Jacobi, who
showed that there are discrete solutions and certain axial-ratios that rotating fluid bod-
ies must assume. This subject is covered in detail by Chandrasekhar (1969). Note that
the fluid solutions (the Jacobi ellipsoids) do not allow the simple model of a rotating
ellipsoid with semi-axes a≥ b = c, except in the special case of a non-rotating sphere.
However, I do not believe that the nuclei can be described as equilibrium fluid bod-
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ies; almost all Solar System minor bodies with known densities and dimensions have
non-Jacobian shapes. Holsapple (2001, 2004) shows that the solid bodies of the Solar
System cannot be approximated as fluids, and goes on to describe the equilibrium states
for solid bodies. The limits on shape for cohesionless rubble-piles found by Holsapple
are complicated, and depend on the angle of friction φ, but reduce to the special case of
fluid behaviour for φ = 0◦. The upper bound found at the other extreme (φ = 90◦) gives
the same a/b–Prot relation as equation 3.29, for ellipsoids with a≥ b = c (Richardson
et al. 2005). As both approaches give the same result under the most general assump-
tions (I make no assumption about likely values of φ for comets), I can be confident
that equation 3.29 (and therefore its useful approximation, equation 3.19) gives a good
description of the required minimum density for a rotating nucleus.
It is important to note that this method only gives the minimum bulk density of the
nucleus, for two reasons. Firstly, equation 3.19 is dependent on the axial-ratio, and the
amplitude of the light-curve only gives us the minimum a/b as the orientation of the
rotation pole is not known. Secondly, the density is found by balancing the forces at
the point where the nucleus would only just hold itself together gravitationally. How-
ever, there is no reason why the comet must be rotating this fast, and therefore this
is only a minimum rotation period. The lower limits on DN can however be used to
assess the true bulk density of nuclei by studying a large number of comets; both the
axis orientation and the rotation rate are expected to be randomly distributed, so over
a large enough sample minimum densities will be found up to and including the true
density. The limiting case, where a nucleus spinning very close to its critical rate and
is observed equator on, will give a ‘minimum’ bulk density through equation 3.19 that
approximately equals its true density. Many comets will be observed to have minimum
densities below this density, but none will be seen to have minimum densities above it,
assuming that JFC nuclei have similar densities. Therefore a cut-off in minimum densi-
ties will be observed, which will correspond to the true bulk density of the population.
This is observed in asteroids, where the cut-off is at ∼ 3 g cm−3 (Pravec et al. 2002).
The data in this thesis, when combined with previous research, presents evidence for
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such a cut-off for ecliptic comets.
3.5 Density related characteristics
With a measure of the bulk density of a nucleus, constraints can be placed on its porosity
and composition. The porosity Ψ is the fraction of void space within the total volume
of the nucleus. There are two sorts of porosity, micro-porosity Ψµ and macro-porosity
ΨM. Micro-porosity refers to space within particles; high micro-porosity is suggested
in models of cometary nuclei formed from ‘fluffy’ particles (Donn et al. 1985) where
these spaces can be thought of as pores. Macro-porosity is due to spaces between large
particles, and is high in rubble-piles consisting of large irregular boulders which would
not fit closely together. The total porosity of a body is the sum of these two types, and
is linked to the bulk density by
Ψ = 1− DN
Dg
(3.30)
where Dg is the grain density, or density of individual particles. This is an expression
for ΨM where Dg is the bulk density of micro-porous particles, but where the structure
of the particles is unknown and the density of the underlying materials is used it gives
the total porosity. When I refer to Ψ without a subscript, or porosity generally, I will be
referring to total porosity.
For asteroids Dg and Ψµ can be assessed by studying meteorites corresponding
to asteroids of different spectral classes; the review by Britt et al. (2002) gives the
following results. Grain densities depend on the composition, but fall in the range
2.3 . Dg . 3.8 g cm−3 (carbonaceous chrondites - ordinary chrondites). The micro-
porosity of meteorites varies between 6% . Ψµ . 16%. Considering asteroids with
known densities to be composed of the same materials gives porosities between 0 and
70%, with average values of ∼ 30% (S-type) and ∼ 40% (C-type). Hence there is
evidence that more volatile bodies have higher porosities, which is important when it
comes to studying cometary nuclei.
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where rg is the mean grain radius and β is the number of contact points with other
grains, per grain. In terms of porosity, this gives
T = 6.1×10−12(1−Ψ) β
r2g
(3.32)
showing that strength decreases with increasing porosity. Davidsson (1999) assumes
‘realistic’ values for comets of rg = 1.5× 10−5 cm, β = 5 and Dg = 1.54 g cm−3
(although see below regarding nucleus grain density), which give the simple relation
T = 0.88DN (3.33)
Davidsson (1999) then uses tensile and shear strengths to define three regions of Prot-rN
space for a given density; the allowed region where objects are stable against rotational
break up, the damaged region where shear forces will have fractured bodies, but they are
still held together by gravitation, and finally the forbidden region where objects would
be spun apart. This method allows testing of the assumption of effectively zero strength
used to place limits on density above: Equation 3.33 gives a strength two orders of
magnitude greater than that found by Asphaug & Benz (1996) for Comet Shoemaker-
Levy 9 during its break-up around Jupiter, but three orders of magnitude below the
strength of solid water ice (Davidsson 1999). Toth & Lisse (2006) showed that for
likely values of DN in the range found by the methods in section 3.4.2 all short period
comets fall into the allowed region, even for very low densities/high porosities/low
strengths (see chapter 6), while the presence of the long period comet Hale-Bopp in the
damaged region is postulated as an explanation of its very high activity levels.
In comets the grain density is not well known, as the ‘grains’ are not of uniform
composition; comets contain both rocky dust and also various volatile ices, and Dg is
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the average of the grain density of all the components. There have been attempts to
measure Dg and Ψµ for ‘comet particles’ (interplanetary dust particles - IDPs) which
are captured by high flying aircraft as they enter earth’s atmosphere; these are found to
have low densities and considerable micro-porosity. The IDPs lack volatiles, and it is
suggested that in the nucleus volatiles would fill some of the porous voids (Weissman
et al. 2004). The chief problems with using this method to study cometary grains is the
uncertainty over whether or not they are of cometary origin, and the processing which
they will have undergone in ejection from the nucleus, transport to the Earth and entry
into the atmosphere. Greenberg (1998) gives a value of Dg ≈ 1.65 g cm−3 for average
cometary material, from dust models. The Stardust mission will shed considerable
light onto this subject by bringing back particles captured from the coma of comet
81P/Wild 2 for laboratory analysis.
Chapter 4
Results from snap-shot imaging
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4.1 Overview of observations
This chapter and the following one present the photometric data and derived physi-
cal properties of each of the comets observed. The goal of each observing run was
to gather time-series photometric data on a number of JFCs, and targets were selected
with this in mind. To be sure of being able to detect the nucleus at sufficient signal-
to-noise (S/N), targets with good previous absolute magnitude estimates were taken
from the compilation by Lamy et al. (2004) and predicted apparent magnitudes at the
time of observation were calculated using equation 3.2. The position and projected rate
of motion of the comet were generated using the NASA/JPL HORIZONS software1,
allowing calculation of the visibility and maximum exposure time (for 0.5′′ motion).
This exposure time, taken with the predicted magnitude, allowed theoretical S/N lev-
els to be calculated using appropriate web-forms2. Experience over the course of the
observing runs showed that a predicted S/N ≈ 20 would give a bright enough target
to measure a reliable light-curve, although the predicted magnitudes and S/N levels
were often found to give only a very approximate estimate of the brightness observed.
Further target selection criteria were that the comet was at airmass ≤ 2 for a number
of hours per night to give good light-curve coverage and that it was at Rh > 3 AU, to
maximise the likelihood of it being inactive.
In addition to these time-series targets, a list of ‘snap-shot’ targets was prepared
for each observing run. This consisted of comets at large Rh with unknown or poorly
constrained radii. The purpose of this list was two-fold: Firstly, it provided back up
targets if the weather prevented time-series observations (i.e. if only one night was
observable then there would be insufficient time to measure useful light-curves, but
a large number of snap-shots could be obtained and sizes measured for comets with
previously unknown radii). Secondly, on some occasions comets with unknown radii
were otherwise very favourable targets for time-series observation, and an initial snap-
1http://ssd.jpl.nasa.gov/horizons.cgi
2http://www.eso.org/observing/etc/, http://www.ing.iac.es/∼crb/signal.html
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shot observation might show them to be worth following (as happened with P/2004 H2).
At the telescopes these carefully made plans of course became only guidelines, as
weather or unexpected brightness, faintness or activity of the comets made sure that
it was necessary to alter which targets were followed: some time-series targets were
abandoned after initial snap-shots, while some snap-shot targets became the subject of
extended observations. A full log of the comet observations carried out is given in table
4.1. This chapter describes the comets with snap-shot observations, while the comets
with time-series observations each have their own section in chapter 5.
Table 4.1: Log of all observations.
Comet UT Date ’scope Rha ∆ α Nexp× Filterb texp Appc
[AU] [AU] [deg.] [s]
7P 20/01/04 NTT 4.69I 4.30 11.6 28×R, 2×V , 2×I 120 S
21/01/04 NTT 4.69I 4.32 11.6 14×R, 2×V , 2×I 120 S
8Pd 01/07/05 INT 7.42I 6.76 6.3 13×r′ 95 S
14P 20/01/04 NTT 5.51O 4.96 8.9 29×R, V , I 220 S
21/01/04 NTT 5.51O 4.95 8.8 29×R, V , I 220 S
17P 05/03/05 NTT 4.66I 3.93 9.0 14×R, 2×V , 2×I 100 S
06/03/05 NTT 4.66I 3.91 8.9 25×R, 3×V , 3×I 100 S
36P 05/03/05 NTT 4.08O 3.39 11.0 5×R, V , I 200 S∗
06/03/05 NTT 4.08O 3.41 11.2 17×R, V , I 200 S∗
01/03/06 INT 4.78O 3.79 1.0 63×r′, 10×V , 10×i′ 150 S
02/03/06 INT 4.78O 3.79 1.0 55×r′, 5×V , 5×i′ 75 S
Continued on next page. . .
aSuperscripts I and O refer to whether the comet is inbound (pre-perihelion) or outbound (post-
perihelion). The variations in Rh, ∆ and α over the course of any one night were smaller than the
significance quoted here.
bThe number of exposures Nexp in each filter in the final data set: frames rejected during reduc-
tion/analysis are not counted.
cAppearance given as S – Stellar, A – Active, or N – Not detected. F is used to denote comets
detected, but at too faint a level to determine whether or not activity was present: these are assumed to
be inactive. S∗ indicates that faint activity was later detected despite a stellar appearance.
dNote that 8P/Tuttle is not an ecliptic comet, but a NIC with a short period; it has an inclination
of ∼ 55◦ and TJ = 1.6. The radius obtained from this snap-shot is presented, but is not included in the
analysis of the ensemble properties of ecliptic comets in chapter 6.
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Table 4.1: continued.
Comet UT Date ’scope Rha ∆ α Nexp× Filterb texp Appc
[AU] [AU] [deg.] [s]
40P 01/07/05 INT 4.57O 3.68 7.0 8×r′ 85 S∗
02/07/05 INT 4.57O 3.68 6.8 15×r′, V , i′ 85 S∗
03/07/05 INT 4.58O 3.68 6.6 7×r′, V , i′ 85 S∗
04/07/05 INT 4.58O 3.68 6.4 20×r′, V , i′ 85 S∗
05/07/05 INT 4.59O 3.67 6.2 17×r′, V , i′ 85 S∗
06/07/05 INT 4.59O 3.67 6.0 20×r′, 2×V , 2×i′ 85 S∗
07/07/05 INT 4.60O 3.67 5.7 18×r′, 2×V , 2×i′ 85 S∗
43P 05/03/05 NTT 3.30O 2.61 13.9 4×R 100 A
44P 06/03/05 NTT 5.17I 4.21 3.0 2×R 80 S
01/03/06 INT 4.51I 3.84 10.1 2×r′ 300 F
02/03/06 INT 4.50I 3.83 10.0 3×r′, 3×V , 3×i′ 170 S
47P 05/03/05 NTT 5.42I 4.48 3.5 19×R, 2×V , 2×I 85 S
06/03/05 NTT 5.42I 4.47 3.2 34×R, 2×V , 2×I 85 S
01/03/06 INT 5.11I 4.45 8.9 2×r′ 300 S∗
02/03/06 INT 5.11I 4.43 8.8 3×r′, 3×V , 3×i′ 170 S∗
56P 01/03/06 INT 3.83O 3.14 11.8 3×r′, 2×V 520 A
02/03/06 INT 3.83O 3.15 12.0 5×r′, V , i′ 260 A
70P 01/07/05 INT 4.84I 4.26 10.6 6×r′ 295 F
72P 02/03/06 INT 3.28O 2.35 7.1 5×r′ 50 N
75P 02/07/05 INT 4.95I 3.94 1.7 3×r′ 75 N
78P 02/03/06 INT 3.84O 2.86 1.8 3×r′ 60 A
92P 20/01/04 NTT 4.46O 3.58 6.3 63×R, 3×V , 3×I 75 S
21/01/04 NTT 4.46O 3.59 6.4 49×R, 3×V , 3×I 75 S
Continued on next page. . .
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Table 4.1: continued.
Comet UT Date ’scope Rha ∆ α Nexp× Filterb texp Appc
[AU] [AU] [deg.] [s]
94P 04/07/05 INT 4.14O 3.19 5.6 14×r′, V , i′ 75 S∗
05/07/05 INT 4.14O 3.18 5.3 20×r′, 3×V , 2×i′ 75 S∗
06/07/05 INT 4.14O 3.18 5.1 26×r′, 2×V , 2×i′ 75 S∗
07/07/05 INT 4.15O 3.18 4.9 23×r′, 2×V , 2×i′ 75 S∗
103P 06/03/05 NTT 3.24O 2.28 5.0 3×R 45 A
01/03/06 INT 5.03O 4.30 8.3 2×r′, V , i′ 200 A
02/03/06 INT 5.03O 4.29 8.1 r′, V , i′ 110 A
104P 05/03/05 NTT 3.06O 2.31 13.8 2×R 80 N
114P 04/07/05 INT 3.75I 2.95 10.9 8×r′ 90 S
120P 02/03/06 INT 3.89O 3.05 8.8 5×r′ 115 F
121P 01/03/06 INT 3.92O 3.43 13.5 4×r′, V , i′ 400 S
02/03/06 INT 3.93O 3.42 13.4 18×r′, V , i′ 215 S
31/05/06 FTN 4.18O 3.34 8.6 14×R, 3×V 60 S
131P 02/03/06 INT 3.48O 2.65 10.1 3×r′, 3×V 105 S
135P 02/03/06 INT 3.55I 2.65 7.5 5×r′ 80 N
137P 06/03/05 NTT 6.95I 6.17 5.3 22×R, 2×V , 2×I 140 S
160P 02/03/06 INT 3.98O 3.41 12.5 3×r′ 140 F
A1e 02/07/05 INT 5.52I 4.71 6.9 8×r′ 135 S
BZ8e,f 02/03/06 INT 2.32I 1.35 7.1 15×r′, 3×V , 3×i′ 10 S
Continued on next page. . .
eThe abbreviated designations used in the text are used here for these un-numbered comets:
A1 – P/1995 A1, BZ8 – 2006 BZ8, H2 – P/2004 H2, H3 – P/2004 H3, T1 – P/2004 T1, X2 – P/2001 X2.
f2006 BZ8 was observed to search for activity in this newly discovered object, which has a comet-
like (TJ = −1) orbit. None was found, and BZ8 is officially a Centaur. The results on this object are
given in this chapter, but are not included in the discussion on ecliptic comets in chapter 6.
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Table 4.1: continued.
Comet UT Date ’scope Rha ∆ α Nexp× Filterb texp Appc
[AU] [AU] [deg.] [s]
H2e 01/07/05 INT 3.70O 3.06 13.6 14×r′ 210 S∗
02/07/05 INT 3.70O 3.06 13.4 19×r′, V , i′ 210 S∗
03/07/05 INT 3.71O 3.05 13.3 14×r′, V , i′ 210 S∗
04/07/05 INT 3.71O 3.04 13.1 16×r′, 2×V , i′ 210 S∗
05/07/05 INT 3.71O 3.03 12.9 14×r′, 4×V , 2×i′ 210 S∗
06/07/05 INT 3.72O 3.02 12.7 10×r′, 6×V , 3×i′ 210 S∗
07/07/05 INT 3.72O 3.02 12.6 11×r′, 4×V , 2×i′ 210 S∗
H3e 05/07/05 INT 3.71O 2.97 12.0 6×r′ 90 F
T1e 02/03/06 INT 3.82O 2.86 3.9 5×r′ 60 N
X2e 02/07/05 INT 5.02I 4.02 2.4 2×r′ 80 N
‘Snap-shot’ images of all potential target comets were obtained, to ascertain their
suitability for time-series photometry. For comets which were not selected as primary
targets, the goal was to obtain measurements or limits on the brightness and activity
level of the nuclei. These results are summarised in table 4.3. There are three possible
outcomes from imaging of comets; the comet is either undetected, unresolved or active.
Undetected comets are either simply too faint to see, in which case upper limits on the
size are found, or confused with background sources, in which case very little infor-
mation can be obtained. Unresolved comets are detected and appear as point sources,
and may be interpreted as being bare nuclei, depending on evaluation of the contami-
nation by dust comae. Active comets have resolvable coma in individual images; the
information obtainable on the nucleus from these data are limited. The snap-shot data
presented here is divided into three sections according to these appearance categories.
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4.2 Undetected comets
4.2.1 72P/Denning-Fujikawa
72P/Denning-Fujikawa was a back-up target for the 2006 INT run, as its radius was
unknown. Five r′-band exposures were taken, giving a total exposure time of 250
seconds, but the comet was not detected, even in a combined image. Historically, this
comet has proved elusive: It was first discovered in October 1881, but lost until a
chance recovery during a close pass to the Earth in 1978, which was linked to the
earlier comet despite it being unobserved during any of the 10 intervening apparitions.3
Subsequent attempts to recover the comet during its 1987, 1996 and 2005 apparitions
have failed; the non-detection reported here continues this trend. Lamy et al. (2004)
quote an unpublished radius estimate from the updated catalogue of Tancredi et al. of
0.8 km, but caution that there is no way to assess the accuracy of this result. It is
far from clear what data their estimate is based on, considering the lack of reported
observations; it must be regarded as unreliable, even by the standards of the Tancredi
et al. (2000) catalogue. If it were true, then this radius implies a predicted mR = 22.4 at
the time of the INT run, which should have been just detectable.
There are three likely interpretations of this non-detection; firstly, the orbit could be
incorrect, and in fact Denning in 1881 and Fujikawa in 1978 discovered two different
comets. Assuming that this is not the case, the alternative explanations are that the
comet has ceased to exist (i.e. broken up) since 1978, or that it is a very small nucleus
that exhibits little out-gassing near perihelion, and has consequently escaped detection
despite numerous attempts. If the comet exists, and was in the predicted position, then
the fact that no object was observed to mR ≥ 22.2 implies an absolute magnitude for
this comet of mR(1,1,0)≥ 17.6 and therefore rN ≤ 0.88 km (3σ limits).
3Historical information on observations of the previous apparitions of this comet, and of oth-
ers in this thesis, is taken from Gary Kronk’s Cometography (http://cometography.com/).
Dates of last observation and orbital parameters are also sourced from the Minor Planets Cen-
ter (MPC – http://cfa-www.harvard.edu/iau/mpc.html) and the JPL small bodies database
(http://ssd.jpl.nasa.gov/sbdb.cgi)
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4.2.2 75P/Kohoutek and P/2001 X2 (Scotti)
Both 75P/Kohoutek and P/2001 X2 (Scotti) [hereafter abbreviated to X2] were ob-
served during the 2005 INT run at right ascension 18 h - 19 h and declination ∼ -20◦,
which unfortunately placed them in the galactic plane [galactic co-ordinates (l,b) ≈
(10,0) - (20,-10)]. This meant that both were observed against a dense star field, mak-
ing identification of the comets difficult. For X2 this was exacerbated by the loss of one
of the frames taken due to a malfunction in the CCD camera, leaving only two r′-band
frames. It proved impossible to identify either comet, even with the aid of astrometric
predictions of their precise positions within these fields. As there is a high likelihood
of the comet being blended with one of the stars within the predicted area it is also
impossible to constrain the brightness of the comets other than to say that they must
be considerably fainter than the field stars, but this does not put meaningful limits on
the radius as for any sensible size the comet would fit this constraint: for 75P the stars
in the search area have magnitudes in the range mR ≈ 14.5−20.5, while the comet is
expected to have mR ≥ 22.8 based on a limit of rN ≤ 1.6 km (Lowry et al. 2003)4, from
a non-detection in 1999.
4.2.3 104P/Kowal 2
Lowry et al. (2003) have also previously observed 104P/Kowal 2 when inactive at a he-
liocentric distance of 3.9 AU, in snap-shot data acquired with the 1.0m Jacobus Kapteyn
Telescope (JKT) on La Palma in June 1999. They obtained a radius measurement of
1.1±0.5 km, again assuming an albedo of 0.04, which allowed prediction of an appar-
ent nuclear magnitude of 21.8 at the time of the 2005 NTT observations, making this a
primary target. However, this comet was not immediately detected in initial snap-shot
4Note that the R-band magnitude of the Sun used by Lowry et al. (1999, 2003) and Lowry & Fitzsim-
mons (2001, 2005), m⊙ = −27.26, was found to be incorrect. The difference between this and the true
value of m⊙ = −27.09 means that while the magnitudes measured in these works are accurate, the true
radii are 100.2(−27.09+27.26) = 8% larger. The radius quoted for 75P, and for all others quoted in this thesis
from this group of papers, have been corrected to account for this.
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observations and removed from the time-series target list. Upon subsequent processing
in Belfast it became clear that the comet was undetectable even in images combining
both R-band frames. The comet has a well known orbit, having been observed during
four apparitions since its discovery in 1979 and most recently in February 2004, and
an astrometric fit allowed calculation of the precise position of the comet at the time
of observation. There was no object detected to mR ≥ 23.3 within the expected area.
Using equation 3.2 this gives a 3σ limiting magnitude of mR(1,1,0) ≥ 18.53, while
equation 3.3 gives a 3σ upper limit on the radius of the nucleus of 0.56 km, assuming
pR = 0.04.
This limit is in agreement with the previous measurement, although at the small end
of the expected size. Comets are known to spontaneously disrupt (Boehnhardt 2004);
break-up of this nucleus during its perihelion passage in May 2004 would also explain
the non-detection. With this in mind I searched for any other observations of 104P
since the last reported to the Minor Planets Centre in February 2004, and discovered5
that Reach et al. observed the comet with the Spitzer infra-red space telescope at almost
the same time as the NTT observations. The comet was detected in the Spitzer data
(W. Reach, private communication, 2006), so it has not broken up and therefore the
non-detection gives a true upper limit on the size for the assumed albedo.
By assuming that this limit corresponds to observing the nucleus at a light-curve
minima (i.e. when it shows the smallest projected area) and that Lowry et al. (2003)
observed it near maximum brightness, then a crude estimate of the shape of the nucleus
can be obtained. The axial-ratio a/b is equal to the ratio of the projected areas, and







0.562 ≈ 4.0 (4.1)
However, the large error bars on the measured radii render such a calculation virtually
5A Google search found the 104P observations on Yan Fernandez’s useful page of the Spitzer logs
for Solar System objects - http://www.physics.ucf.edu/∼yfernandez/sss.html
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meaningless and I still regard the shape of 104P as unknown.
4.2.4 135P/Shoemaker-Levy 8
135P/Shoemaker-Levy 8 was discovered in April 1992, and has an orbital period of
7.5 years. It was seen during its 1998/9 apparition, with the last reported observations
from Japan in June 1999, and was inbound at Rh = 3.6 AU at the beginning of March
2006, on its way to perihelion at 2.7 AU in May 2007. It was observed on the 2006
INT run as a secondary target of unknown size, and was undetected in any of the five
80 second r′-band exposures or in a combined frame. There is no object at the position
given by an astrometric fit to mR ≥ 22.7, giving a 3σ limit to the absolute magnitude of
mR(1,1,0)≥ 17.59 and therefore a radius of rN ≤ 0.87 km.
4.2.5 P/2004 T1 (LINEAR-NEAT)
P/2004 T1 (LINEAR-NEAT) [hereafter T1] was discovered in September 2004 before
passing through perihelion at 1.7 AU in November 2004. It was last observed outbound
in March 2005, and was still outbound at 3.8 AU during February/March 2006. No
further information has been recorded on this comet. 5×60 second r′-band exposures
were taken, but the comet was not detected. An astrometric fit allowed measurement
of a limiting magnitude of mR ≥ 24.4, implying mR(1,1,0)≥ 19.1 and rN ≤ 0.43 km,
again placing 3σ lower and upper bounds on these quantities.















Figure 4.1: Image (a) showing 8P on the 1st of July 2005, which appears to be stellar.
Here the background is largely removed, despite the star field being very crowded. The
faint residual star flux near to the comet is the cause of the slight rise at the end of the
profile (b). For the most part the comet (points) and scaled stellar (solid line) profiles
are in excellent agreement, implying that the comet is inactive.
4.3 Unresolved comets
4.3.1 8P/Tuttle
The results from the snap-shot observations of 8P/Tuttle obtained during the July 2005
INT run are presented here, although they are not included in the analysis of the ensem-
ble properties of ecliptic comets. 8P is an unusual comet; by the ‘classical’ definition,
it is a JFC, as it has an orbital period less than 20 years (P = 13.5 yr), however on
dynamical grounds it is a NIC, as it has TJ = 1.6, and has a Halley-like high inclination
(i = 55◦) orbit. It therefore is likely to be an Oort cloud comet which has been captured
into a shorter period orbit by interactions with the planets. It is also known to have
a reasonably large (rN = 7.8 km) nucleus, from snap-shot observations by Licandro
et al. (2000b), and was therefore predicted to be a bright target suitable for time-series
observation at Rh = 7.4 AU with the INT, providing an opportunity to add to the very
few data on the rotational properties of Oort cloud comets. However, upon observa-
tion the target field was seen to be far too crowded for time-series observation, and
attempts to observe the comet during this run were abandoned after only a short series
of 13 r′-band frames. It was possible to separate the comet from background sources
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Figure 4.2: Image (a) showing 44P on 6/3/05, made up of 2×80 second exposures. The
comet, in the centre of the frame, is faint but appears to be inactive, as is shown by the
surface brightness profile (b). Beyond 2.5′′ sky noise dominates the profile, however
the comet and scaled stellar profiles are indistinguishable in the inner part, implying
that the comet was indeed inactive.
in the majority of frames; the average mR = 21.61± 0.03 is taken over the 9 of these
frames over which the magnitude of the comet was ∼ constant, with a brightening in
the remaining 4 being attributed to proximity to a background star. Equation 3.2 al-
lows conversion of this magnitude to an absolute mR(1,1,0) = 12.88, corresponding
to a radius of 7.58±0.12 km, in excellent agreement with the value of Licandro et al.
(2000b). The combined image from these data show a star-like appearance (fig. 4.1);
although the surface brightness profile is affected at ∼ 5′′ by the proximity of back-
ground sources, it shows an inactive nucleus within the inner part. Avoiding the stellar
contamination, equation 3.1 gives mc(4.3′′) = 25.1, and therefore a negligible coma
flux contribution of ≤ 4±8%.
4.3.2 44P/Reinmuth 2
44P/Reinmuth 2 was expected to have mR = 22.8 at the time of the 2005 NTT obser-
vations, and was therefore a secondary target. Only one frame was taken of this comet
on the first night of observations before high humidity brought an end to observations,
making it impossible to distinguish the comet from faint background stars. Two more
frames were acquired on 44P on the second night.
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Figure 4.3: Image of 44P taken during the 2006 INT run, made up of 3×170 second
exposures taken on the 2nd of March. The profile is slightly suggestive of faint activity,
as the comet points are generally higher than the scaled stellar line, but the profiles are
consistent within the error bars.
The comet appears faint but stellar in each of these frames, and in a combined frame
(fig. 4.2 (a)). To put limits on any unresolved coma, I measured the surface brightness
profile (fig. 4.2 (b)), which appears stellar within the inner 2.5′′, but is dominated be-
yond that by sky noise. The limit on any coma within this radius is mc(2.5) ≥ 26.9,
corresponding to at most 2% of the total flux from the comet. This comet was therefore
inactive at the time of observation, as expected at Rh = 5.2 AU.
The nuclear magnitude was measured to be mR = 22.62±0.12, corresponding to
rN = 1.96±0.11 km. This measurement is consistent with the upper limit of rN ≤ 3.2 km
found by Lowry et al. (2003). It is slightly larger than the value of 1.61 km quoted by
Lamy et al. (2004), but is in agreement assuming that the nucleus is slightly elongated.
Such a range in magnitudes is consistent with a nucleus with rN = 1.79 and a minimum
axial ratio of a/b = 1.5, which is typical of the values determined for JFC nuclei (see
chapter 6).
44P was observed again during the 2006 INT run, when a total of 5 r′-band images
were taken over the course of the two nights. The comet was detected on both nights,
although was very faint in poor seeing on the first. The comet’s magnitude was constant,
within the error bars on each point, over the two nights at mR = 22.49± 0.06, and
apparently inactive (fig. 4.3). The profile is consistent with the background PSF, within















Figure 4.4: Image showing 70P taken on the 1st July 2005., The comet is in the centre
of the frame and very faint (marked by cross hairs here). This is a single 295 s r′-
band frame; in subsequent frames the comet moved towards the two stars and was
not separable from them. The profile shows the effect of the nearby star; no sensible
constraints on the activity level of this comet can be made.
the error bars on each point, and equation 3.1 gives mc ≥ 23.26, or ≤ 50± 72% of
the flux. The absolute magnitude was measured to be mR(1,1,0) = 15.95, implying
rN = 1.84± 0.05 km, which is consistent with the NTT measurement and within the
range discussed above. Colours of (V −R) = 0.31± 0.09 and (R− I) = 0.42± 0.13
were measured.
4.3.3 70P/Kojima
Lamy et al. (2004) quote measurements for 70P/Kojima from their own unpublished
work, from a ‘partial rotational light-curve’. No indication is given of the quantity of
data involved, however the limited available time on HST means that ‘full’ light-curves
from these authors can contain less than 10 photometric data points (e.g. Lamy et al.
1998a). Accordingly, their results (rN = 1.86 km, a/b ≥ 1.1 and Prot ≥ 22 hours) are
treated with caution, although the radius measurement can be taken at face value if
regarded as a snap-shot. Based on this radius, the comet had a predicted mR = 22.9
at the time of the 2005 INT observing run. Despite the long integration times (295 s)
possible due to the slow apparent motion of the comet, it was not detected in individual
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images at the telescope, and this target was abandoned after 6 frames. Upon subsequent
processing, and with the aid of an astrometric prediction of the precise position of
the comet (whose orbit is well known despite a 0.15 AU close encounter with Jupiter
in 1996), the comet was found near the expected position. Its identification at the
telescope had been hampered by the faintness of the target and its proximity to a bright
field star; only in the first frame was it sufficiently separated from the star to allow
photometry (fig. 4.4). Even in this first frame a small amount of flux from the star
may have been present within the aperture centred on the nucleus; the following results
should be treated with due caution, and the radius is more properly considered to be an
upper limit. Discussion on the shape based on this radius assumes that it is unaffected
by star light, and is therefore approximate. The measured comet magnitude is mR =
22.53±0.15, which corresponds to mR(1,1,0)= 15.59 and rN≤ 2.18±0.15 km. Taken
with the radius measurement from Lamy et al., this implies a/b≥ 1.4, which is typical
for JFCs. This is larger than Lamy et al.’s value, but even if they did observe the full
range in magnitudes in their partial light-curve then a change of viewing angle could
increase the range observed at a different epoch: light-curves only give a minimum a/b
when the orientation of the rotation axis is unknown. Assuming that any stellar flux
contamination in this measurement was negligible and taking it with the measurement
of Lamy et al.6, an average rN = 2.0±0.2 seems a reasonable value to assume for the
size of 70P.
4.3.4 114P/Wiseman-Skiff
114P/Wiseman-Skiff was discovered in January 1987, and has since been observed at
each pass through the inner solar system on its 6.7 year orbit. It was observed with
the INT in July 2005 when inbound at 3.75 AU, and was detected but at too faint a
level to produce a reliable light-curve. The combined image of all 8 frames taken is
6While even a partial time-series should provide a more accurate measurement of rN than a single
snap-shot, the Lamy et al. data on 70P remains unpublished and therefore cannot be scrutinised.















Figure 4.5: Image showing 114P on 4/7/05, which can be seen as the faint star-like
source in the centre of the frame, which is a sum of 8× 90 s r′-band frames. The back-
ground stars are trailed in this image as it has been corrected for the comet’s motion;
with only 8 frames it was not possible to construct a good background image to subtract
the stars. The profile is inactive in the inner part, although dominated by sky noise and
the star trails in the outer section.
shown in fig. 4.5 (a), along with the profile (fig. 4.5 (b)) which shows that the comet
appeared inactive. The profile was only measurable to ρ = 4′′, but gives mc = 24.45
and therefore a limit on the coma contribution of ≤ 25± 41%, with the large error
bars due to the noisy profile in the outer part. The measured mR = 22.95±0.11 gives
mR(1,1,0) = 17.34 and rN = 0.97±0.05 km. This agrees with the assessment that the
nucleus is a relatively small one from Lamy et al. (2004), who again quote their own
unpublished result of rN = 0.78± 0.04, based on an HST snap-shot when the comet
was at Rh = 1.6 AU and presumably active. Again assuming that these two snap-shots
were taken at opposing light-curve extrema, then the minimum required axial-ratio is
a/b≥ 1.5, and the average effective radius is rN = 0.89 km.
4.3.5 120P/Mueller 1
Although not detectable in individual images, 120P/Mueller 1 was found in a co-added
image of all the data shifted to account for its predicted motion (fig. 4.6). A cosmic ray
hit near the comet’s predicted position meant that the third frame is not included in this
summed image; it is made up of the remaining 4× 115 s r′-band frames. The comet
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Figure 4.6: Image showing 120P, taken on 2/3/06, which is seen to be very faint, but
distinguishable from the trailed stars in this combination of 4 r′-band frames. The star
trails give two additional peaks in the profile at larger ρ, although the inner 1′′ implies
a bare nucleus.
had mR = 23.52± 0.13 in the combined image. This gives mR(1,1,0) = 17.84 and
rN = 0.77±0.05 km. The surface brightness profile for this comet matches the stellar
PSF within the inner arcsecond, although beyond this there are two further peaks due
to the nearby trails of background stars, making the formal limit of mc ≥ 23.1 mean-
ingless. The FW HM of the stellar PSF in the background image is ∼1′′, so the flux
from the comet was measured within the star-like part of the comet image (an aperture
correction was applied to give the flux within 5′′). I therefore assume that this mea-
surement is of the radius of the bare nucleus, and can be compared with the previous
measurement of Lowry et al. (1999). They measured rN = 1.7±0.2 with a snap-shot of
a star-like nucleus at Rh = 3.1 AU, which at approximately twice the radius measured
here is a large discrepancy; such disparate measurements would require a/b = 4.7 to
be explained purely by the shape of the nucleus, which is rather high. It is possible
that there was either a non-zero coma contribution in Lowry et al.’s Rh = 3.1 AU mea-
surement which was not present here at 3.9 AU, or that the comet has a steeper than
normal phase function / opposition surge (Lowry et al.’s observations were taken at
α = 2.9◦). The unknown colour of the nucleus could also contribute, but only at a level
similar to the uncertainty on mR: If 120P has a very red nucleus the difference in colour
term between Lowry et al.’s R-band and my r′-band measurements could cause the mR
presented here to be up to a tenth of a magnitude too faint. It is likely that some com-
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Figure 4.7: Image showing 131P as a faint but star-like source in a combination of 3
frames taken on 2/3/06. The profile is in agreement with the image PSF within the error
bars, implying that the comet was inactive.
bination of these factors, combined with a more modest elongation of the nucleus, is
required to explain the differences between these measurements.
4.3.6 131P/Mueller 2
131P/Mueller 2 was outbound at 3.5 AU when observed with the INT in 2006. No prior
information was available on this comet, and a snap-shot was attempted to constrain its
size. Three r′-band frames were taken, and the comet was found and observed to have
a faint, star-like appearance (fig. 4.7). The large error bars on the surface brightness
at large ρ make the coma limit of mc ≥ 23.1 (≤ 68± 94% of the total flux) almost
meaningless, but the profile appears star-like and the comet can be assumed to have
been inactive. The average magnitude was mR = 22.77± 0.09, corresponding to an
absolute magnitude of mR(1,1,0) = 17.59, and therefore a radius of rN = 0.87±0.04
km. In addition, three V -band frames were taken, allowing measurement of the colour
of the nucleus. A value of (V −R) = 0.45±0.12 was obtained, which falls in the centre
of the observed JFC distribution (see section 6.4 of chapter 6).















Figure 4.8: Image showing 160P, which was detected at a very faint level, even in this
combined image of three 140 s r′-band frames taken on 2/3/06. The profile appears
stellar in the inner part, but is confused with a background galaxy in the outer part.
4.3.7 160P/LINEAR
Observations of 160P/LINEAR from the INT during 2006 detected the comet when
outbound at ∼ 4 AU. The comet appeared as a very faint but apparently inactive object
in 3×140 s r′-band exposures (fig. 4.8). The presence of a nearby galaxy prevents
measurement of limits on any coma, with mc(5′′) = 22.6. The inner part of the profile
is a good match for the background PSF; measuring the surface brightness at 1.3′′ gives
mc ≥ 28.0, ≤ 1.9±5.8% of the total flux. The measured value of mR = 23.69±0.18
implies mR(1,1,0) = 17.58 and rN = 0.87±0.07 km.
4.3.8 P/1995 A1 (Jedicke)
P/1995 A1 (Jedicke) [hereafter A1] had only been previously observed at one appari-
tion, when it was discovered in January 1995, already outbound after passing through
perihelion in 1993. It was observed through to January 1996, and consequently has a
well calculated orbit with a period of 14.3 years. An attempt to detect the return of this
comet was made in July 2005 with the INT, although the comet was still at Rh = 5.5 AU.
A faint object was discovered near the nominal position, an average mR = 22.63±0.07
was measured. Measured in a combination of all 8 r′-band frames (fig. 4.9), the comet’s
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Figure 4.9: Image showing P/1995 A1, which was recovered on 2/7/05 returning to
the inner solar system 10 years after it was last observed. The orbit is accurate, as the
predicted motions allowed the 8 frames to be combined to give a star-like comet image
(with trailed background stars). The profile matches the PSF, even in the outer noisy
part, except at ρ≈ 5′′ where flux from the nearby star trail raises the measured surface
brightness.
surface brightness profile appeared stellar in the inner region, although was dominated
by sky noise beyond 2′′, which is taken to show that it was inactive, as would be ex-
pected with the comet still beyond Jupiter’s orbit. This implies a radius for the nucleus
of A1 of rN = 2.48±0.08, and an absolute magnitude of mR(1,1,0) = 15.31.
4.3.9 P/2004 H3 (Larsen)
P/2004 H3 (Larsen) [hereafter H3] is also a recently discovered comet, and was only at
its second opposition when observed with the INT in July 2005, having been discovered
the previous April. It was at Rh = 3.7 AU, outbound, and was only just recovered in a
frame combining all six 90 s r′-band exposures (fig. 4.10 (a)). The measured magnitude,
in the combined frame, was mR = 24.30± 0.21, implying that the nucleus of H3 is
small, with mR(1,1,0) = 18.67 and a corresponding radius of rN = 0.53±0.05 km. A
profile is just measurable (fig. 4.10 (b)), but only within 3′′, and is very noisy. Formally,
the coma magnitude from equation 3.1 is mc ≥ 24.6, implying a flux contribution of
. 80%, although the error on this is also ∼ 80%, making it of limited value. The
profile matches the stellar PSF at all radii, within the error bars.
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Figure 4.10: Combined image of 6 r′-band frames on P/2004 H3 taken on the 5th of
July 2005, in which the comet is just detectable as a very faint point source among
the trailed stars. The profile is noisy due to the extreme faintness of the comet, but is
consistent with an inactive nucleus.














Figure 4.11: Image showing the Centaur 2006 BZ8 (on 2/3/06), which was bright in
individual 10 s exposures, and is clearly stellar in this combination of all 15 r′-band
exposures. The profile confirms this.
4.3.10 2006 BZ8
Observations of 2006 BZ8 [hereafter BZ8] were carried out to search for activity around
this newly discovered object. Such observations are frequently carried out using 2-
4m class telescopes, either when a few minutes are available during a run (as was the
case for BZ8, which was observed during the 2006 INT run) or through the UKAPP
project7. The goal of such observations is to demonstrate the cometary nature of suspect
objects which have been discovered and identified as asteroids by large surveys, by
7http://star.pst.qub.ac.uk/∼ukapp/index.html
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searching for any faint coma. Suspected comets are primarily identified by their orbits;
highly elliptical or inclined orbits are ‘cometary’, any object with TJ ≪ 3 is a good
candidate. Snap-shots of such candidates have shown a number of them to be comets
(e.g. Fitzsimmons et al. 2004; Snodgrass et al. 2005c; Lowry et al. 2006).
BZ8 was regarded as being almost certainly a comet, with TJ = −1.0. No activity
was observed though, and the object was bright (mR = 16.858± 0.003) and stellar
(fig. 4.11). A surface brightness profile entirely matched the combined frame PSF,
and equation 3.1 gave a limit on any coma at mc ≥ 21.67, or ≤ 1.2± 1.2% of the
flux. BZ8 is officially a Centaur8, as it has an orbital semi-major axis of a = 9.7 AU,
however it seems likely that it is from the Oort cloud due to its Tisserand parameter
and high inclination (i = 165◦). The absolute magnitude of BZ8 was measured to be
mR(1,1,0) = 14.14, corresponding to rN = 4.22±0.02 km, and its colours were found
to be (V −R) = 0.62±0.01 and (R− I) = 0.36±0.01. These results are not included
in the discussion on the ensemble properties of JFCs in chapter 6.
4.4 Active comets
4.4.1 43P/Wolf-Harrington
43P/Wolf-Harrington was visibly active in snap-shot frames (fig. 4.12), and was imme-
diately rejected as an unsuitable target for nucleus photometry. Upper limits on the size
of the nucleus can be obtained for active comets, as the flux from the nucleus cannot be
larger than the total flux measured. For 43P, the total brightness within an aperture of
radius 5′′ is mR = 20.53±0.03, which gives an upper limit on the radius of rN ≤ 2.42
km.
The level of activity of a comet can be quantified using the quantity A f ρ (A’Hearn
et al. 1984), which is roughly proportional to the dust production rate of the comet,
8Objects with 5.5≤ a≤ 30.1 AU are designated Centaurs.





















































Figure 4.12: Images and surface brightness profiles for 43P, 56P, 78P and 103P (from
the 2005 NTT data). The comets are visibly active. The solid diagonal lines in the top
right corner of each profile show gradients of -1 and -1.5, from two theoretical models
of steady state coma; the comets all have profiles with gradients ∼−1.5.
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assuming steady state production. It is the product of the geometric albedo A, the radius
of the photometric aperture at the comet ρ, and the filling factor f , which is the total
scattering cross-section of the grains within this aperture. This quantity is calculated
by




where Rh is in AU, but ∆ and ρ are in cm. Fcomet and F⊙ are the fluxes measured at the
Earth from the comet and from the Sun respectively. Expressed in this fashion, A f ρ is
theoretically independent of the chosen aperture, again assuming a steady state coma.
For such a coma the gradient of the surface brightness profile should equal -1. For a
steady state coma affected by radiation pressure on the grains the gradient should be
-1.5 (Jewitt & Meech 1987); it can be seen from fig. 4.12 that the gradient of 43P’s
profile is ∼ −1.5, meaning that the measure of A f ρ is not strictly independent of ρ
in this case. A f ρ remains a useful measure of activity, although the chosen ρ must
be noted. I take an aperture of radius 5′′, which corresponds to ρ = 9400 km for 43P,
and gives A f ρ = 206 ± 2 cm. This is a large value, showing high activity levels well
beyond the canonical 3 AU ‘cut-off’ for H2O sublimation. This comet’s perihelion
distance jumped from q = 2.5 to 1.5 during 1936 after a close encounter with Jupiter,
and has had a considerable change in its non-gravitational acceleration (interpreted as
being due to a change in the active areas of the nucleus surface: see Szutowicz 2000);
it is possible that the major change in its orbit is connected to the high activity level
observed.
This activity level has frustrated previous efforts to obtain a definitive measurement
of the radius of the nucleus; although there have been a number of published snap-
shot observations of 43P, it has mostly been observed when active, even at distances
beyond 4 AU (table 4.2). The upper limits obtained when the comet was active are
all below the radii determined by Lowry et al. (1999, 2003) from images in which the
comet appeared inactive. There are two possible explanations for this discrepancy;
firstly, that the range in reported magnitudes is due to elongation of the comet, in which
4.4 Active comets 80
case the full range of ∆m = 0.97 mag. from the peer-reviewed literature (Lowry et al.
1999; Licandro et al. 2000b; Lowry et al. 2003; Lowry & Fitzsimmons 2005) gives a
minimum axial ratio of a/b ≥ 100.4∆m = 2.4. The alternative explanation is that the
apparently stellar observations contained significant unresolved coma. This would be
quite possible, as both were obtained with the 1.0m JKT, and surface brightness profiles
and equation 3.1 reveal that mc ≈ mR in both cases, suggesting that unresolved coma
could have contributed over 90% of the flux in each of these observations.
Lowry & Fitzsimmons (2005) argue for the first scenario, as Lowry et al.’s images
were taken at larger Rh, the two values of rN obtained are consistent with each other and
a/b≥ 2.4 falls within the observed range for nuclei, albeit at the high end of the distri-
bution (see chapter 6). However, the additional limit below 2.5 km from the 2005 NTT
data pushes the weight of probability towards the second explanation. Furthermore,
including Hainaut et al.’s 1996 result of mV (1,1,0)≥ 16.4 (MPC 27955, quoted in Li-
candro et al. 2000b) and using (V −R) = 0.15± 0.08 (Lowry & Fitzsimmons 2005)9
to convert to the R-band, the first scenario requires ∆m = 1.82, and therefore a/b≥ 5.3,
which is unrealistically large. Even taking the 3σ upper limit on the colour of (V −R)
= 0.39 gives rN ≤ 1.8 km and a/b≥ 4.3. I therefore conclude that there was significant
flux from unresolved coma present in Lowry et al.’s observations, and that 43P defi-
nitely has rN ≤ 2.4 km, and possibly rN ≤ 1.8 km. Tancredi et al. (2000) estimate rN =
1.8 km from a heliocentric light-curve which shows evidence of activity out to∼ 4 AU.
9Note that (V −R) = 0.15 is a very blue colour compared to the values found for nuclei, however
this is the coma colour. Two effects can produce a blue coma; the presence of gaseous emissions in the
V -band increasing the apparent brightness in that filter, or dominance of sub-micron grains in the dust
coma scattering bluer wavelengths. Where (V −R) and (R− I) are known one effect may be chosen over
the other (e.g. the case of 103P/Hartley 2 discussed in section 4.4.4), as the presence of gas does not











Table 4.2: Reported observations of 43P/Wolf-Harrington
Date Rha ∆ α mR mc mR(1,1,0)b rNb App.c Ref.
[AU] [AU] [deg.] [km]
04/02/1992 3.04O 2.69 18.6 20.45 ± 0.13d - ≥15.24 ≤2.57 A Licandro et al. 2000
24/08/1995 4.87I 4.26 10.1 21.40 ± 0.50 ≥21.48 14.46 3.67 S Lowry et al. 1999
June 1996 3.9I - - - - ≥16.25e ≤1.61 A Hainaut et al. 1996
13/06/1999 4.46O 3.66 9.0 20.81 ± 0.14 ≥20.35 14.43 3.72 S Lowry et al. 2003
12/07/2002 4.43I 3.45 3.8 21.45 ± 0.06 - ≥15.40 ≤2.38 A Lowry & Fitzsimmons 2005
05/03/2005 3.30O 2.61 13.9 20.53 ± 0.03 - ≥15.37 ≤2.42 A this work
aSuperscripts I and O refer to whether the comet is inbound (pre-perihelion) or outbound (post-perihelion).
bRecalculated here using m⊙=-27.09, pR=0.04 and β=0.035, for consistency.
cAppearance is given as either A – active, or S – stellar.
dFrom reported mV = 20.6±0.1, using (V −R) = 0.15±0.08 from Lowry & Fitzsimmons 2005
eFrom reported mV (1,1,0)≥ 16.4, using (V −R) = 0.15±0.08 from Lowry & Fitzsimmons 2005
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4.4.2 56P/Slaughter-Burnham
56P/Slaughter-Burnham was discovered in 1958, and has previously been found to have
rN = 1.56 km (Meech et al. 2004). This led to a predicted nuclear magnitude of mR =
22.1 at the time of the 2006 INT observations, and the comet was well placed for
time-series observations at the beginning of the night. On the first night the comet
appeared anomalously bright in poor seeing, and activity was suspected. Three r′- and
two V -band images were taken before moving on to other targets. On the second night
conditions were photometric and the seeing vastly improved, and the comet appeared
active even in initial frames in which it was blended with a field star. Further frames
were taken once it had moved away from the star (fig. 4.12), which confirmed that
the comet was indeed active at Rh = 3.8 AU (outbound) and allowed measurement
of the colours. A total of 5×260 s r′-band frames were taken on the second night,
along with one frame each in V and i′. The mean magnitude, measured on the second
night when the comet was well separated from background sources, was mR = 20.73±
0.04, implying mR(1,1,0) ≥ 14.90 and rN ≤ 3.00 km, in broad agreement with the
measurement by Meech et al. (2004). The colours of the comet were measured to
be (V −R) = 0.51±0.05 and (R− I) = 0.35±0.08, which fall in the observed range
for nuclei, although it should be noted that these colours represent the colours of the
coma, as the comet was active. These colours are similar to other measurements of the
broad-band colours of dust comae (Lowry et al. 1999, 2003), and also appear to be in
agreement with the trend of cometary dust to have more neutral (less red) colours at
longer wavelengths, which is interpreted as showing that the dominant grains are larger
than 1 µm in size (Jewitt & Meech 1986). It cannot be assumed that the coma has the
same colour as the surface of the nucleus for highly active comets; even if the dust
component is of similar composition, there is likely to be gas present also, especially
in the V -band. The flux within an aperture of ρ = 5′′(≡ 11400 km at the comet) gives
A f ρ = 22.3±0.3 cm.
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4.4.3 78P/Gehrels 2
Three r′-band frames were taken of 78P/Gehrels 2 during the 2006 INT run, which
showed the comet to be clearly active when outbound at Rh = 3.8 AU (fig. 4.12). This
is not overly surprising, as Lamy et al. (2004) suggest that this comet exhibits activity
at least out to Rh = 3.5 AU due to the large scatter in the heliocentric light-curve of
Tancredi et al. (2000) at this distance. Lowry & Weissman (2003) measured a radius of
rN = 1.54±0.12 km from a snap-shot taken when the comet was at Rh = 5.5 AU; the
upper limit obtained here of rN ≤ 4.21 km, from mR = 19.42±0.01 and mR(1,1,0)≥
14.16, is consistent with this. The activity level, measured within ρ = 5′′(≡ 10400 km),
was found to be A f ρ = 18.2±0.2 cm.
4.4.4 103P/Hartley 2
103P/Hartley 2 was observed twice during the preparation of this thesis, and was visibly
active each time. During the 2005 NTT run the brightness within an aperture of radius
5′′ was mR = 18.72±0.02, implying rN ≤ 4.13 km. Within ρ = 8200 km the activity
level was quantified as A f ρ = 196 ± 1 cm. Such high activity is unsurprising as the
comet was outbound at only 3.2 AU, and it has been observed active at 4.6 AU (Lowry
et al. 2003). The radius limit is in agreement with other limits of ≤ 5.3 km (Licandro
et al. 2000b), ≤ 6.4 km (Lowry & Fitzsimmons 2001) and ≤ 6.3 km (Lowry et al.
2003), although it has been reported that the radius is much smaller than these limits;
Groussin et al. (2004) give a radius of 0.71± 0.13 km from Infrared Space Observatory
observations of the comet when it was active at Rh = 1.2 AU in February 1998. These
authors also show that for such a small nucleus to produce the high levels of activity
observed (from H2O gas production rates), the required active area must reach 100%
at perihelion, at odds with the general trend for active areas to make up only a small
fraction of the nuclear surface (A’Hearn et al. 1995).
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103P was observed again during the 2006 INT run, despite a strong suspicion that it
may still be active at Rh = 5.0 AU, as this comet is a possible target for the Deep Impact
extended mission10. The comet was detected in two r′-band frames taken on the first
night, and was clearly active. Single V and i′ frames were taken on the first night, and
one frame in each of V r′i′ was taken on the second night, to allow calibration onto the
standard Landolt magnitude scale. The measured mR = 21.00± 0.05 implies another
radius upper limit of rN≤ 4.45, while the flux within ρ = 15600 km gives A f ρ = 47.2±
0.7 cm. The comet has colours of (V −R) = 0.16±0.09 and (R− I) = 0.35±0.08. The
rather blue (V −R) measurement could reflect the presence of significant flux from gas
emissions within the V -band, such as the C2 bands at 5165 and 5635 A˚, while the
(R− I) colour is similar to that found for nuclei and dust comae.
10The proposed Deep Impact extended mission (DIXI) is to fly the surviving Deep Impact mother-
ship, which still has working instruments including two colour cameras, onto another nucleus. The
space-craft can reach one of two possible comets with its current orbit and remaining fuel, 85P/Boethin
or 103P. The primary target, 85P, has not been seen since 1986, and has had close encounters with
Jupiter since then, leaving its orbit based on 45 observations at two apparitions, and poorly constrained.
An effort is underway to recover the comet to improve the orbit and to provide a size measurement, but
the search area is large. 103P therefore remains a potential target for DIXI, making further physical
studies and precise astrometry useful to this mission.
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Table 4.3: Derived values and limits on radii and activity from snap-shot photometry.
Comet mR mca mR(1,1,0) rN [km] A f ρ [cm]b
UNDETECTED
72P ≥ 22.2c - ≥ 17.6c ≤ 0.88d ≤ 0.45d
75P - - - - -
104P ≥23.3c - ≥18.5c ≤0.56d ≤5.9d
135P ≥ 22.7c - ≥ 17.6c ≤ 0.87d ≤ 0.88d
X2 - - - - -
T1 ≥ 24.4c - ≥ 19.1c ≤ 0.43d ≤ 0.57d
UNRESOLVED
8P 21.61±0.03 ≥25.1 (4.3′′) 12.88±0.03 7.58±0.12 -
44Pe 22.62±0.12 ≥26.9 (2.5′′) 15.83±0.12 1.96±0.11 ≤40.4d
44Pf 22.49±0.06 ≥23.3 15.95±0.06 1.84±0.05 ≤1.7d
70P 22.53±0.15 ≥23.9 15.59±0.16 2.18±0.15 ≤23.7d
114P 22.95±0.11 ≥24.5 (4.0′′) 17.34±0.11 0.97±0.05 ≤0.24d
120P 23.52±0.13 ≥23.1 17.84±0.13 0.77±0.05 ≤2.9d
131P 22.77±0.10 ≥23.1 17.49±0.10 0.87±0.04 ≤0.50d
160P 23.69±0.18 ≥28.0 (1.3′′) 17.58±0.18 0.87±0.07 ≤4.7d
A1 22.63±0.07 ≥22.1 15.31±0.07 2.48±0.08 ≤5.7d
H3 24.19±0.21 ≥24.6 (3.0′′) 18.55±0.21 0.56±0.06 ≤0.69d
BZ8 16.88±0.01 ≥21.7 14.16±0.01 4.22±0.02 ≤41.4d
ACTIVE
43P 20.53±0.03 - ≥15.37 ≤2.42 206±2
56P 20.73±0.04 - ≥14.90 ≤3.00 22.2±0.3
78P 19.42±0.01 - ≥14.16 ≤4.21 18.2±0.2
103Pe 18.72±0.02 - ≥14.21 ≤4.13 196±1
103Pf 21.00±0.05 - ≥14.04 ≤4.45 47.2±0.7
aComa magnitude within ρ = 5′′ (unless stated otherwise) measured using equation 3.1.
bA f ρ measured through an aperture of radius 5′′.
c3σ limiting magnitudes.
d3σ upper limits.
eResults from 2005 NTT observations.
fResults from 2006 INT observations.
Chapter 5
Results from time-series observations
5.1 7P/Pons-Winnecke 87
This chapter presents the results for each comet with time-series data. The ob-
served sequences vary in length, between ∼ 20 measurements over a few hours on a
single night for 137P/Shoemaker-Levy 2 to over 100 individual data points over a full
week for 40P/Va¨isa¨la¨ 1. The following sections describe the results for each comet
found through application of the techniques described in chapter 3. The results are
summarised in table 5.1 at the end of the chapter.
5.1 7P/Pons-Winnecke
7P/Pons-Winnecke appears stellar in each of the 42 individual R-band images. A com-
bined image (fig. 5.1 (a)) was produced using the technique described in section 3.1
to remove fixed objects, cosmic rays and the background sky. The image of 7P pro-
duced using the 28×120 s R-band exposures taken on the first night of the 2004 NTT
run is equivalent to a single 56 minute exposure. The brightness profile of the comet
measured in this combined image is shown in fig. 5.1 (b). It is indistinguishable from
the image PSF obtained from the profile of a bright star measured in the deep star field
image.
Limits on any unresolved coma are found using equation 3.1; the surface brightness
of the coma at ρ = 5′′ was measured to be Σc(5)≥ 30.8 mag. arcsec−2, giving mc(5)≥
25.3. The integrated magnitude of the comet was found to be mR = 22.465± 0.016,
meaning that any unresolved coma contributes ≤ 100.4(mR−mc) = 7± 16% of the flux
from 7P. The nucleus was effectively inactive during these observations.
For 7P the difference in mR due to the change in Rh, ∆ and phase angle between the
first and last frame was found to be δmR = 0.008 mag, considerably smaller than the
uncertainty on the individual measurements. As the conversion to absolute magnitudes
is therefore unnecessary, apparent magnitudes are used to produce a light-curve.
















Figure 5.1: (a) Co-added image of 7P from 28 frames taken on the January 20th 2004.
Each frame had an exposure time of 120s, giving this combined frame an equivalent
exposure time of 56 min. The shift-and-add procedure used to produce this image was
designed in such a way to remove cosmic rays, field stars and the background sky, leav-
ing only the comet. (b) Surface brightness profile of 7P. The profile is indistinguishable
from the scaled stellar PSF, implying that the comet is a point source, and therefore
inactive.
ness model gives χ2/ν = 2.22≈ 5.5σ. I can therefore reject the null hypothesis at a 5σ
level and be confident that there is a real variation in the brightness of the comet. Fitting
a first-order Fourier model to the data for a range of periods produces the periodogram
shown in fig. 5.2. There are 4 minima which fall close to the horizontal line marking
χ2/ν = 1+
√
2/ν = 1.23 in the periodogram. The first, at∼ 1 hour, can be ignored as it
is due to the data sampling period. The second grouping, with the strongest minimum
at Pfitted = 0.165± 0.006 days = 3.95± 0.15 hours, produce acceptable light-curves.
With only two nights data, I cannot differentiate between the 3 minima; the central
minimum is fractionally lower, and statistically acceptable with χ2/ν = 1.22 < 1.23,
but the others are close to this (χ2/ν = 1.23 and 1.25) and all 3 produce equally ac-
ceptable light-curves, as determined by visual inspection of the phased data. I therefore
quote the best-fit period to be Pfitted = 3.95± 0.800.54 hours, where the uncertainty covers
the acceptable periods either side of the most probable period in fig. 5.2. Assuming that
the variation in brightness is due to the nucleus being a rotating non-spherical body, the
rotation period Prot is twice the fitted period Pfitted. This gives Prot = 7.9 +1.6−1.1 hours and
the expected double-peaked light-curve (fig. 5.3). More data may constrain the period
further; it is likely that it would have been possible to choose between the three pos-
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Figure 5.2: Periodogram for 7P, showing reduced χ2 against period. The horizontal line
shows the expected value of χ2/ν for 1σ residuals. There are a number of periods which
give minima close to this line. The first can be rejected, and is due to the sampling
period, but the group around Pfitted ∼ 0.16 days all produce acceptable light-curves.
The data do not allow choice of one of these periods as the ‘correct’ value, so I take
Prot = 7.9 +1.6−1.1 hours, from the period with the deepest minima, but with the uncertainty
encompassing the full range of acceptable periods. Beyond the range of periods shown
the periodogram again rises and is undefined at a number of longer periods where the
fitting routines diverge. There are no further realistic solutions: the plotted range is
restricted to that shown to show the detail at short periods.
sibilities had the third night of the run been clear. As can be seen in fig. 5.3 there is
some scatter around the average magnitude measured in each block, meaning that the
fit is really based on 6 ‘points’ at these average values. The points in each block are
consistent with the averages for each though, so these average values are well deter-
mined. Although the resultant period determination is uncertain, the constraint placed
on the rotation period by this result is sufficient to allow comparison of the spin-rate of
7P with those measured for other nuclei, which is the main aim of this work. Fitting a
higher order model to the data did not produce an improved χ2/ν for M = 2 or higher
orders; with such sparse data it would have been difficult to justify a choice of a higher
5.1 7P/Pons-Winnecke 90
Figure 5.3: Folded light-curve for 7P, period = 7.89 hours. This was the strongest
periodicity found, however the period could also be 5.8 or 9.5 hours. Data from the
first night is plotted as circles, and from the second night as crosses.
order fit without a significant improvement in reduced χ2.
The peak-to-trough range in brightness of the nucleus ∆m = 0.30±0.05 mag. As-
suming that the brightness variations are due to the changing observed cross-section of
a rotating elongated nucleus, this gives a lower limit on the axial-ratio (using equation
3.10) of a/b≥ 1.3±0.1 for 7P.
The mean measured apparent magnitude gives mR(1,1,0) = 15.532 and therefore
rN = 2.24± 0.02 km. This mean radius gives us the size of the equivalent spherical
nucleus; taking into account an ellipsoidal model with a/b = 1.3 gives dimensions of
the nucleus of a×b = 2.75×2.08 km. These results are consistent at a 3σ level with the
result found by Lowry & Fitzsimmons (2001), who measured a radius of rN = 2.7±0.1
km, assuming that their snap-shot observation was taken at a light-curve maximum,
which in the model above would be equivalent to rN = 2.4 km.1
1Note that the equivalent rN observed at maximum light for a model ellipsoid with semi-axes a ≥
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One set of observations were taken each night through V and I filters in addition to
the time-series photometry in the R-band. Interpolation between R-band measurements
was used to find the apparent mR at the time of the V and I-band observations, and
thus measure the colour indices (V −R) and (R− I). For 7P, (V −R) = 0.40± 0.05
and (R− I) = 0.41± 0.06, both of which are slightly redder than the Sun and in the
expected range for cometary nuclei (see chapter 6).
5.2 14P/Wolf
The same procedures were followed for 14P/Wolf, which was also observed during the
2004 NTT run. A co-added R-band image of the 29 individual frames taken on each
night appears stellar (fig. 5.4 (a)), with an effective exposure time of 106 minutes. For
14P the average coma surface brightness from the two nights was found to be Σc(5)≥
31.0 mag. arcsec−2 (fig. 5.4 (b)). Using equation 3.1 and the integrated magnitude
of the comet mR = 22.281± 0.007, this gives a limit on the flux from the coma of
≤ 5± 10% of the observed flux of 14P. Again the nucleus is therefore assumed to be
inactive.
Figure 5.5 shows the first order periodogram for 14P. Although there are no peri-
ods with the expected χ2/ν < 1.19, there is a strong minimum at Pfitted ≈ 0.16 days
which corresponds to a 4.3σ fit. The null hypothesis, that the brightness of the comet
is constant and the variations are due entirely to observational errors, is rejected at a
19σ confidence level. There is clearly a periodic brightness variation, as can be seen
in fig. 5.6, which shows the photometric data folded onto twice the strongest period,
assuming a double-peaked rotational light-curve. This gives Prot = 7.53±0.10 hours.
The reason why the minimum χ2/ν is not∼ 1 is that the fitted function used to describe
the periodicity is a sinusoid, but this is only an approximation to the light-curve shape.
b = c is not equal to the longest dimension a, but is found by equating the area cross sectional areas
pir2N = piab. The effective radius of the equivalent sphere at minimum light is equal to the semi-minor
















Figure 5.4: Co-added image (a) of all 29 frames taken of 14P on the January 20th 2004.
Each frame had an exposure time of 220s, giving this combined frame an equivalent
exposure time of 1.77 hr. 14P appears stellar; the surface brightness profile (b) and
calculated limits on the coma brightness of ≤ 5% on the flux show that it was most
likely inactive at the time of observation.
Figure 5.5: Same as fig. 5.2, for 14P. The strongest period found is at Pfitted = 3.72±
0.05 hours, corresponding to rotation period of Prot = 7.53±0.10 hours.
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Figure 5.6: Folded light-curve for 14P, period = 7.53 hours.
The shape of the light-curve in fig. 5.6 suggests that a higher order fit, with two minima
of different depths, may give a better model to this data. This suggests a departure from
a simple tri-axial ellipsoid. The strongest minimum in a second order fit periodogram is
at the same period, giving a slightly saw tooth shaped model light-curve and a marginal
reduction in χ2/ν, but this still gives light-curve minima with equal depths. A group of
minima around Prot = 7.5 hours produce asymmetric light-curves, however they do not
give a formal improvement on the fit as they do not lower χ2/ν relative to the 1st order
fit.
The observed data (table A.2) has a range in magnitudes ∆m = 0.55± 0.05 mag.,
which, using equation 3.10, allows description of 14P as a tri-axial ellipsoid with axial
ratio a/b≥ 1.7±0.1. However the axial ratio gives only a very simplified description
of shape; it does not contain enough information to adequately describe an irregularly
shaped nucleus.
The mean apparent magnitude of 14P gives a mean effective radius of rN = 3.15±
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0.01 km, again assuming an albedo of 4%. This implies dimensions of the nucleus of
a× b = 4.5× 2.7 km. This is larger than the snap-shot radius found by Lowry et al.
(2003) of rN = 2.51± 0.13 km, but consistent at a 2σ level with the observed shape
induced light-curve. Considering the lack of observed coma, contamination by dust
is unlikely. Alternately, it can be assumed that Lowry et al. measured the light-curve
at a minimum, but due to different viewing geometry at that time the projected cross-
sectional area was lower than at the minima observed in this work (i.e. they observed
the nucleus when the orientation of the rotation pole was closer to θ = 90◦ from the
line of sight, and saw the nucleus closer to ‘narrow end on’). If this were the case, then
they would have observed a larger a/b, had they performed time-series observations
at that time, than the minimum value found here. Taking the well measured effective
rN above (which would not be altered by observing a time-series at different θ), and
setting b = 2.51 on the assumption that Lowry et al.’s rN is the radius of the minimum
cross-sectional area (i.e. b), gives a/b = 2.2 by rearranging equation 3.13. This is
slightly larger than the observed average elongation of other comets, although quite
reasonable considering measurements are of the minimum a/b. While considering this
as a possibility, I choose to quote the minimum axial-ratio as the value found from
the light-curve data alone (a/b≥ 1.7) rather than taking a single snap-shot as proof of
greater elongation.
Colour indices of (V −R) = 0.57±0.07 and (R− I) = 0.51±0.06 were measured
for 14P, placing it towards the red end of the observed range in colours for JFCs. This is
in sharp contrast with the colours measured by Lowry et al. (2003), which at (V −R) =
0.02± 0.22 and (R− I) = 0.25± 0.35 made 14P the bluest cometary nucleus, and
considerably bluer than the Sun, although the large error bars on their result do overlap
with the one presented here at a 2σ level. The large uncertainties are due to the poor
atmospheric conditions experienced at the time of observation by this earlier work. The
new data provide a much more reliable measurement of the nucleus surface colour, and
I believe that the change is due to improved measurement, not any physical change
















Figure 5.7: Image showing 17P, made up of 25×100 second exposures taken on the
second night. The comet appears to be inactive, which is confirmed by the close match
of the comet and stellar profiles.
between the observations.
5.3 17P/Holmes
17P/Holmes appears to have been inactive at the time of observation. Figure 5.7 (a)
shows a combined image showing only the comet, and is made up of all 25 R-band
exposures taken on the second night of the 2005 NTT run, giving an effective exposure
of 2500 seconds = 42 minutes. A surface brightness profile (fig. 5.7 (b)) shows no sign
of activity, and equation 3.1 puts a limit on any unresolved coma at mc ≥ 24.6, or ≤ 14
± 29 % of the total flux.
The photometric data is given in table A.3. The null hypothesis (that there is
no periodic variation, and all scatter is due to noise around the mean magnitude) is
only rejected at the 2σ level. Figure 5.8 shows the periodogram for 17P, with χ2/ν
against period in days. There are a total of 39 data points in the R-band, so
√
2/ν =√
2/(39−3) = 0.236. There are clearly a number of solutions within the dotted lines
marking χ2/ν = 1±0.236. With only 1.5 nights of data it is impossible to choose be-
tween the possible periods. Those marked ‘A’ in fig. 5.8 can be rejected as they are
at periods between half and 1.5 hours, and are due to the various aliases created by
observing the comet in blocks with temporal separation of that order. Figure 5.9 shows
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Figure 5.8: Periodogram for 17P. There are many statistically acceptable minima:
those marked ‘A’ are at periods between 30 and 90 minutes and are due to the data
sampling frequency. The data folded onto the periods with each of the four strongest
minima are shown in fig. 5.9.
the data folded onto the rotation periods corresponding to each of the four periods with
χ2/ν ≈ 1 (marked B–E), and note that they each produce a visually acceptable light-
curve. The four minima are found at Pfitted = 3.6 (B), 4.3 (C), 5.2 (D) and 6.4 (E) hours,
and correspond to rotation periods of Prot = 7.2, 8.6, 10.3 and 12.8 hours.
While the period remains uncertain, it can be seen that 17P was observed at a light-
curve minimum on the first night, and at around maxima on the second (fig. 5.9 plots the
data from night 1 as open circles and the night 2 data as crosses). Unfortunately there is
a gap in the data on the second night, due to the comet passing in front of a star, which
appears to have coincided with the minimum between these maxima, assuming that
one of the above periods is correct. The calibration of the data from the two different
nights is accurate; repeating the method with different comparison stars produced no
significant difference in the calibrated magnitudes. The uncertainty on the night-to-
night calibration is much smaller than the error bars on individual points. Therefore the
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Figure 5.9: 17P photometric data folded onto each of the four strongest periods found
in the periodogram (fig. 5.8). These have Prot = 7.2 (B), 8.6 (C), 10.3 (D) and 12.8 (E)
hours. The 1.5 nights of data acquired on this comet are insufficient to choose one of
these periods over the others.
full range of the light-curve was observed, and from ∆m = 0.3 mag. a lower limit on the
elongation of the nucleus of a/b≥ 1.3 is inferred.
The mean apparent magnitude of 17P was measured to be mR = 22.86±0.02. Using
equation 3.3, this gives an effective radius of rN = 1.61± 0.01 km for the equivalent
spherical body. Taking a/b = 1.3, this corresponds to dimensions of the nucleus of
a×b = 2.0×1.5 km. This is in excellent agreement with the rN = 1.71 km measurement
from a snap-shot observation acquired by Lamy et al. (2000) using the HST.
Measuring the elongation from the range of the light-curve requires that the varia-
tions are in fact due to changes in the projected surface area of the comet, and not due
to large scale changes in albedo. For 17P one colour block, containing 2×100s V and
I-band frames in the sequence RV RIRVRIR, was taken on the first night and two blocks
on the second. The colours measured were consistent within the uncertainties on each,
supporting the assumption that variations are due to the shape of the nucleus, and give
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mean colours of (V −R) = 0.41±0.07 and (R− I) = 0.44±0.08.
5.4 36P/Whipple
36P/Whipple was observed twice during this work; over 1.5 nights during the March
2005 NTT run, and over a further two nights a year later with the INT. The reason for
returning to the same comet was that, as with the others observed during the shortened
NTT run, its rotation period was not confirmed at the first attempt. What made 36P
particularly interesting however was the fact that the rotation period suggested by the
first data set was very short, at around 3.5 hours. Such a period implied a minimum
density considerably higher than any other previously observed nucleus; equation 3.19
gave a minimum density required for gravitational cohesion of 1.2 g cm−3, greater than
that of water ice. This preliminary result was presented at the 2005 ACM conference
(Snodgrass et al. 2005a), and attracted some interest (e.g. Toth & Lisse 2006), although
it was realised at the time that further data would be required before publishing such a
result. Here I first describe the results from the NTT run, before presenting those from
the 2006 INT run and discussing the interpretation of both data sets.
5.4.1 NTT data: March 2005
36P was at Rh = 4.1 AU and moving at a relatively slow rate on the sky, allowing
200s exposures to be taken while still tracking at the sidereal rate without distorting
the comet image. The comet was found to be bright (mR = 21.37±0.02) and appeared
stellar in each individual frame. A combined image (fig. 5.10) also appears fairly stellar,
but there is a slight extension towards the East (right in fig. 5.10 (a)) and a surface
brightness profile (fig. 5.10 (b)) shows clear signs of coma. Equation 3.1 gives a coma
magnitude of mc ≥ 22.4, which corresponds to 40 ± 23% of the total flux being due
















Figure 5.10: Image showing 36P, made up of 17×200 second exposures taken on the
6th March 2005. There is some possible activity in the image, which appears to be
confirmed by the active profile, where a clear difference between the comet and back-
ground PSF is visible.
20.2± 0.3, which is more properly considered an upper limit since the slope of the
profile is steeper than the m = −1.5 limit for a steady state coma. Such activity at
Rh > 4 AU is surprising for a comet that has never been seen to show any large amount
of activity.
It is clear that the total flux is still dominated by the flux from the nucleus, as obvious
variations can be seen in the brightness of the comet in table A.4 and in fig. 5.13, which
shows the varying brightness in the original data folded onto a period of 3.5 hours.
This period corresponds to twice the fitted period of 0.074 days given by the strongest
minimum in the periodogram (fig. 5.11); a minimum of χ2/ν = 0.55, which is actually
below the expected value, but within 2σ of the expected χ2/ν = 1. The null hypothesis
of constant brightness is rejected at a 6σ level, implying that the variations are real.
The unknown contribution to the flux from the coma causes uncertainty in both the
average magnitude of the comet and the amplitude of the light-curve variation. Assum-
ing a steady state coma, its contribution is modelled as a constant flux level, which is
then subtracted from the data to leave the variation due to the nucleus. A constant coma
contribution acts to raise the overall brightness, and to reduce the amplitude of the ob-
served variation, as it will contribute relatively more when the nucleus cross section is
at a minimum than at maximum. Taking the measured coma contribution from the sur-
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Figure 5.11: Periodogram for 36P, using the total observed brightness of the comet.
face brightness profile (40% of the average total flux), and removing this from the data,
gives approximate ‘nuclear’ magnitudes. Figures 5.12 and 5.13 show the periodogram
and folded light-curve for these data. The rotation period found does not change; the
presence or lack of coma at this level does not affect the measurement of this value. It
can clearly be seen that the amplitude of the light-curve is greatly increased from ∆m =
0.4 mag to ∆m = 0.65 mag, and that this increase in the size of variation relative to the
size of the error bars on individual data points increases the χ2/ν. There are no longer
any minima within χ2/ν = 1±√2/ν; the strongest minimum in the coma subtracted
periodogram has χ2/ν = 1.8, corresponding to 2.3σ. The mean magnitude is increased
by removing a coma component; the original data has mR = 21.37, removing 40% of
this flux gives mR = 21.94. These values are all calculated taking the value of 40% to
be fixed; in reality the 23% uncertainty on the flux contribution leads to large error bars
on any coma subtracted photometry.
The sizes and shapes implied by the two light-curves are different. The original data
give a radius for the equivalent sphere of 2.5 km, and an axial ratio of a/b≥ 1.4, and
5.4 36P/Whipple 101
Figure 5.12: Periodogram for 36P, from data with a constant flux level due to the coma
removed.
Figure 5.13: 36P photometric data folded onto a 3.5 hour rotation period. The lower
data set, with the dashed line drawn through it, are the data with a constant coma flux
equivalent to mc = 22.4 removed from them.
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therefore nuclear dimensions of a×b = 3.3×2.3 km. The coma subtracted model gives
a smaller, more elongated body, with rN = 1.9 km, a/b≥ 1.8 and thus a×b = 3.1×1.6
km. The first solution matches the value of rN = 2.5± 0.2 km found by Lowry &
Weissman (2003), who obtained a snap-shot of 36P when it was inbound at 4.4 AU in
May 2001. The second solution is also consistent with this considering the uncertainties
on the coma fraction.
Figure 5.13 shows that the faint coma detected does not prevent measurement of a
rotation period, and that this period is independent of any corrections to the photometry
applied to correct for coma. It is the determined period which is of greatest interest for
this object; at 3.5 hours, these data show 36P to be the fastest rotating comet known.
This implies that it has a surprisingly dense nucleus, under the assumption that it is es-
sentially strengthless, or that this nucleus has tensile strength not seen in others. Either
of these present a challenge to the general picture of nuclei that is beginning to be built
up; that they are weak and very low density bodies. The required density for a strength-
less body rotating at a 3.5 hr period depends on its elongation, and therefore for 36P
depends on whether or not a coma model is subtracted. Equation 3.19 gives minimum
bulk densities for 36P of 1.2 g cm−3 for the original data (with a/b ≥ 1.4) and 1.6 g
cm−3 for the coma subtracted version. Clearly the density is greater than water ice, for
any level of coma, and over twice that derived for any other nucleus.
Colours were also measured for 36P, and were found to be consistent across both
nights with average values of (V −R) = 0.46±0.05 and (R− I) = 0.52±0.04. These
colours are entirely typical of JFC nuclei and fall near the centre of the observed dis-
tribution. It must be remembered that some fraction of this colour will be due to dust
grains in the detected coma, although it is plausible to assume that they share similar
















Figure 5.14: Image showing 36P, made up of 55×75 second exposures taken on the
2nd March 2006 with the INT, and the corresponding profile. The comet is clearly
inactive.
5.4.2 INT data: March 2006
With this potentially interesting result in mind, 36P was the primary target of the 2006
INT run. After the first two nights were lost to poor weather, 36P was intensively
monitored on the third to ensure unambiguous detection of a 3.5 hour period. A total of
63 r′-band images were taken over ∼ 5.5 hours, meaning that any short period would
give almost complete phase coverage. As this night was non-photometric, and to search
for longer periods, a considerable amount of data was also gathered on 36P on the fourth
night, with 55 r′-band frames taken over almost 7 hours. A combination of these data
and a surface brightness profile of the resultant image (fig. 5.14) show that the comet
was effectively a bare nucleus; a year later and 0.7 AU further from the Sun the faint
activity seen in the NTT data had clearly ceased. The formal coma limit measured
within ρ = 5′′ is mc ≥ 23.31, or ≤ 20% of the flux, however this is probably an over-
estimate due to the slight rise in the outer part of the profile due to residual sky noise
(note that the profile is entirely consistent with the stellar PSF within the error bars);
in the inner part the profile is clearly inactive and measuring the brightness within
ρ = 3.33′′ gives mc ≥ 24.51 and limits on the flux from the coma at ≤ 7±6%.
Although more distant during the INT run than in the NTT run, 36P was closer
to opposition, and consequently of similar apparent magnitude: mR = 21.570±0.008.
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Assuming the standard linear phase law with β = 0.035 mag. deg−1 gives mR(1,1,0) =
15.247 for the bare nucleus; comparison with the non-coma subtracted value from the
NTT run, mR(1,1,0) = 15.272, allows calculation of the fraction of flux from the nu-
cleus during that run by:
fN = 100.4(mR−mN) = 100.4(mR(1,1,0)NTT−mR(1,1,0)INT) = 102% (5.1)
Clearly this cannot be true: the bare nucleus should be fainter than the active one, and
the fraction of flux due to the nucleus should be ∼ 60% if the measurement of 40%
coma contamination is correct. The discrepancy is probably due to an incorrect phase
law. Taking both of the measurements (NTT at α = 11.1◦, INT at α = 1.0◦), together
with the snap-shot by Lowry & Weissman (2003) taken at α = 7.3◦, allows calculation
of an approximate phase co-efficient. Taking the original NTT result (i.e. assuming
that the coma contamination was actually zero; the condition which would give the nu-
cleus flux as 100% from equation 5.1 ) gives a minimum value of β = 0.037± 0.002
mag. deg−1, which provides an excellent fit to the three points and is close to the canon-
ical cometary value. If any coma contribution is removed from the NTT data then the
phase function slope becomes steeper; for the results quoted above with 40% of the flux
removed, the best fit gives β = 0.094 mag. deg−1. This is probably unrealistic, as the
previous largest reported value of this parameter is β = 0.06 for 2P/Encke (Ferna´ndez
et al. 2000), and would require the nucleus of 36P to have exceptional phase darkening,
with a very rough surface. Also, this slope does not provide as good a fit to the point
from Lowry & Weissman, despite the relatively large error bars on this point (the fit
is dominated by the two time-series results due to their much smaller uncertainties),
although it falls within the expected range if the error bars on this point are expanded
to take in the full range from the light-curves, on the basis that the rotational phase at
the time of the snap-shot was unknown.
The full range of the INT data is ∆m = 0.7±0.1 mag, larger than that measured in
the NTT data but similar to the range observed in the coma-corrected data. It implies
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Figure 5.15: Periodogram for 36P from INT data.
a/b≥ 1.9. The size of the nucleus is measured by extrapolating the above phase laws
back to α = 0◦, giving mR(1,1,0) = 15.244± 0.007 for β = 0.037 and mR(1,1,0) =
15.189± 0.007 for β = 0.094 mag. deg−1. These correspond to radii of rN = 2.55±
0.01 and rN = 2.62±0.01 km; the constraint of an accurate measurement of mR when
inactive and near to opposition with the INT greatly reduces the uncertainty on the
radius due to both coma contamination and uncertain phase function. The radius of
36P is taken to be rN = 2.55± 0.01 km, which when taken with a/b = 1.9 implies
dimensions of a×b = 4.0×2.1 km.
The periodogram for the INT data is shown in fig. 5.15, which shows that the fit
to the fluctuations in the brightness is dominated by a long period variation. This pe-
riodicity search is based on differential magnitudes, since the large field of view of the
WFC meant that the same stars could be used for comparison on both nights, meaning
that no uncertainty is added due to calibration onto a standard scale. The data folded
onto the best period, at Prot = 40.6 hours, is shown in fig. 5.16. Such a long period
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Figure 5.16: 36P differential photometric data folded onto an 40.6 hour rotation period.
Figure 5.17: 36P differential photometric data taken on the 1st March 2006.
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Figure 5.18: 36P differential photometric data taken on the 2nd March 2006.
could not have been detected in the shorter and sparser data set obtained with the NTT,
but there remains the question of where the 3.5 hour period came from, and whether
it has any basis in reality. It is clear from fig. 5.11 that there are many statistically
acceptable periods in the NTT data; due to the few data points many periods can be
found which have sufficiently low χ2/ν. The NTT data can be folded onto a 40.6 hour
period to give a visually acceptable light-curve, however this could be said of a large
number of periods given the sparse data. Of more interest is whether or not any short
period variation exists in the INT data. The unfolded data from each of the INT nights
are shown in fig. 5.17 and fig. 5.18, which show hints of shorter period variation. It is
possible that the 3.5 hour period and these short variations are part of a non-symmetric
light-curve with a longer period. The relatively noisy INT data does not allow a defi-
nite conclusion that the 40.6 hour period is correct, nor entirely rule out a short period.
The longer period is taken for the rotation period of 36P elsewhere in this thesis as it
does not require that the nucleus is far denser than other nuclei, however further data is
required to confirm the true rotational period of this comet.
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A large number of colour frames were taken within the time-series on 36P, giving
good phase coverage for the fitted (long) period. Using the calibrated magnitudes of
stars from the fourth (photometric) night gave the colours from differential magnitudes
involving the same stars on the non-photometric night. All individual colours are con-
sistent with means of (V −R) = 0.48±0.03 and (R− I) = 0.62±0.02, within the error
bars on individual points. These colours are a reasonable match with the values mea-
sured using the NTT; a weighted average of both sets gives (V −R) = 0.47±0.02 and
(R− I) = 0.60±0.02.
5.5 40P/Va¨isa¨la¨ 1
40P/Va¨isa¨la¨ 1 was observed over 7 nights during the 2005 INT run, despite not having
a good previous size estimate, as it was found in an initial snap-shot. This comet
has never been observed to be particularly bright, and was not detected on the only
previous attempt to observe its nucleus (Lowry et al. 1999). It was faint in each of the
INT frames, with a mean mR = 22.08±0.02, and also in a combined image equivalent
to a 28 minute exposure (fig. 5.19). The surface brightness profile shows that the comet
was weakly active at Rh = 4.6 AU. The coma contribution, assuming steady state, was
measured to be mc ≥ 22.22 within 5′′, and therefore up to ∼ 95% of the flux, but the
irregular shape of the profile implies that the steady state assumption may not be valid
in this case.
With observations over 7 nights, changes in the relative positions of the Earth and
the comet meant that there was a non-negligible change in observing geometry. The
change in apparent magnitude due to variations in Rh, ∆ and α between the first and
last frames is δmR ≈ 0.04 mag., which although small compared with the uncertainty
on individual points (typically∼ 0.2 mag.) is considerable when compared to the error
on the average magnitude. The photometry was therefore reduced to the appropriate
mR(1,1,0) using the precise position of the comet at the time of each observation,















Figure 5.19: Image showing 40P, made up of 20×85 second exposures taken on the
6th night of the 2005 INT run. The profile implies that the comet was active.
which was generated using HORIZONS in batch mode, with the Julian Date of each
observation from the image headers taken as input. The phase function is assumed to
be linear with β = 0.035 mag. deg−1, as the range in phase angle over 7 nights is not
large enough to independently measure β for 40P. The mean mR(1,1,0) = 15.72 gives
an upper limit to the radius of rN ≤ 2.05± 0.02 km, assuming a 4% albedo. This is
a stronger constraint than the previous upper limit of rN ≤ 3.6 km from Lowry et al.
(1999), who did not detect the comet when it was at Rh = 6.01 AU, outbound, in 1995.
If the coma contamination is considerable, as suggested above, then the true radius of
the nucleus could be considerably smaller than this.
The absolute magnitude variations were searched for periodicities, but none were
found which were convincing. The strongest minimum in the periodogram (fig. 5.20)
corresponds to Pfitted = 15.3 hours, and therefore a long rotation period of 30.6 hours,
but does not give a visually acceptable light-curve at either of these periods. Peri-
odogram searches were also carried out on short subsets of the data, using fully differ-
ential light-curves for each pair of nights, during which the comet’s motion was small
enough to give common comparison stars. Shorter periods in these data are neither
particularly convincing in the subsets, due to sparse data, nor good fits to the full data
set. Although there is a large range in observed magnitudes (∆m≈ 1.4±0.3 mag), this
appears to be due to variations in the dust coma, and is not due to the nucleus, again
implying that in this case the coma completely dominates.
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Figure 5.20: Periodogram for 40P.
The colours of the comet were measured each night apart from the first, when only
r′-band images were taken of all objects to allow more snap-shots to be performed and
more potential targets identified. At large distance from the Sun the coma should be
dominated by dust, with very little gas present; the colours measured for the comet are
therefore assumed to be approximately the same as the colours of the nucleus, as the
dust should have similar optical properties to the nucleus. On the fourth night the colour
block was unfortunately taken when the comet was coincident with a background star,
and the remaining colour measurements have large uncertainties due to the comet being

















Figure 5.21: Image showing 47P, made up of 34×85 second exposures taken on the
second night of the 2005 NTT run. The stellar profile matches the comet, implying that
the comet was inactive.
5.6 47P/Ashbrook-Jackson
47P/Ashbrook-Jackson was visible throughout the entire 2005 NTT run and conse-
quently was well monitored, with a total of 53 R-band exposures of 85 seconds each
(table A.6). The comet appeared bright and stellar in each; a combination of all of
the frames (equivalent to a 48 minute exposure) taken on the second night is shown in
fig. 5.21 (a). A surface brightness profile (fig. 5.21 (b)) shows that the comet has negli-
gible coma, with a scaled stellar profile matching the comet down to surface brightness
Σ > 30 mag arcsec−2. Equation 3.1 puts limits on any unresolved coma at mc ≥ 27.4,
implying that activity is entirely negligible and can contribute no more than 0.5±2.1%
of the total flux.
There are four statistically acceptable minima in the periodogram for 47P, which
are marked A–D in fig. 5.22. Period ‘C’ (Prot = 21.6 hrs) is marginally the strongest
minima, but the data do not allow differentiation between these periods. Light-curves
showing the data folded onto each of these are shown in fig. 5.23. In this figure it
can clearly be seen that over the course of the second night a definite maximum was
observed, and the approach to a maximum appears to have been observed on the first
night, which puts strong constraints on the rotation period. Note that the probable peri-
ods of 11.2±0.3,15.5±0.5,21.6±1.0 and 44.0+1.0−2.9 hours have relatively small error
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Figure 5.22: Periodogram for 47P. There are four statistically acceptable minima: the
data folded onto the periods with each of these minima are shown in fig. 5.23.
bars, but do not give a unique solution. These periods are clearly aliases of each other
at ∼ 1,3/2,2 and 4×11 hours, yet it is not possible to select one as the correct period.
The rotation period cannot be longer than 44 hours (period ‘D’), as this period requires
that alternate maxima of a double peaked light-curve were observed on the 2 nights;
the remaining solutions imply that there were other maxima unobserved between these
events. There is an unpublished partial light-curve on 47P acquired by Lamy et al.
using the HST, which puts a lower limit on the rotation period at 44.5 hours. If this is
correct, it would suggest that period ‘D’ is the real one, and that the shape of the body is
irregular: The ‘best-fit’ sinusoid drawn through the data to guide the eye in fig. 5.23(D)
does not represent the data well. The range in magnitudes from the data is ∆m = 0.45,
giving a/b≥ 1.5, which is typical of JFC nuclei.
The mean magnitude of 47P’s nucleus was measured to be mR = 21.680± 0.007,
which gives mR(1,1,0) = 14.638 and a radius of 3.37 ± 0.01 km, assuming an albedo
of 4%. Taken with the elongation implied by the full range in the data, a/b ≥ 1.5,
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Figure 5.23: 47P photometric data folded onto each of the four strongest periods found
in the periodogram (fig. 5.22). These have Prot = 11.2 (A), 15.5 (B), 21.6 (C) and 44.0
(D) hours. The 1.5 nights of data acquired on this comet are insufficient to choose one
of these periods over the others.
dimensions of the nucleus of a×b = 4.6×3.0 km are suggested, for what is most likely
an overly simple model of the nucleus. This is in reasonable agreement with the radius
measurements of 2.8 km (Lamy et al. 2004), 3.1 km (Licandro et al. 2000b) [assuming
that these authors observed the nucleus near light-curve minimum] and the limit of rN≤
6.6 km found by Lowry et al. (2003). The colours measured were (V−R) = 0.45±0.03
and (R− I) = 0.38±0.03.
47P was observed again during the 2006 INT run, one year later when the comet was
0.3 AU closer to the Sun, at Rh = 5.1 AU. A total of 5 r′-band exposures totalling 18.5
minutes were taken over the two nights. Upon processing these data, 47P was found
to be faintly active at the time of the INT run, despite still being beyond 5 AU, with a
faint tail visible to the West of the comet (fig. 5.24). The activity is clearly weak: The
profile measured in good (∼ 1′′) seeing on the last night matches the stellar PSF within




























Figure 5.24: Images of 47P taken during the INT run. There is a faint tail visible to the
West (left in these images) of the comet, which is clearer in the night 3 data (top). The
profile shows activity. In the night 4 data (bottom), the tail is less obvious, as the total
exposure time is less.
be quantified as A f ρ = 3−11 cm, with the lower number being measured on the latter
night. The average magnitude over the two nights is mR = 22.01± 0.04, with a total
variation similar to that observed in the light-curves above, of ∆m = 0.4 mag. These
imply mR(1,1,0)≥ 14.93 and rN≤ 2.96±0.05 km, with a/b≥ 1.4, slightly fainter than
the NTT results despite the weak coma, possibly due to a steeper phase function than
β = 0.035 mag. deg−1. Taking both the NTT and INT results, and those of Licandro
et al. (2000b) and Lamy et al.2, allowed calculation of a rough phase function (fig. 5.25).
A best fit straight line gives a steep phase function of β = 0.083±0.006 mag. deg−1,
implying a true mR(1,1,0) = 14.477± 0.007 and consequently rN = 3.63± 0.01 km.
2In this case taking the rN =2.8 km quoted by Lamy et al. (2004) and calculating the nuclear magni-
tude at the time of their HST observations. The uncertainty on this radius is not reported: The error bar
on this point is set equal to that on INT data (0.04 mag.) for the purposes of weighting the best fit. This
does lead to some uncertainty on the phase function; if the error bar is instead set equal to that from the
extended NTT observations (0.007 mag.) then the corresponding increase in weight on the point gives
β = 0.076 mag. deg−1.
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Figure 5.25: 47P mean magnitudes from both NTT and INT data and from the literature
reduced to Rh = ∆ = 1 AU and plotted as a function of phase angle α. There is a good
fit through the time-series data giving a linear phase law with β = 0.083. Labels give
the sources of each point; Li00: Licandro et al. 2000b; La04: Lamy et al. 2004. The
faint activity seen in the INT data means that it provides a lower limit on mR(1,1,α),
although the coma clearly contributes little flux as making this point any fainter would
mean an even steeper phase function and a poor fit.
The fit to the three time-series measurements3 is excellent, while the snap-shot from
Licandro et al. also agrees with this fit if it is assumed that it was taken near a light-
curve minimum. Therefore I regard this as a reasonable determination of the phase
function of 47P, despite the fact that it is unusually steep.
Colours were measured of (V −R) = 0.29±0.06 and (R− I) = 0.79±0.07. These
are unusual when compared to typical nuclei colours, and show a large change from
those measured with the NTT and Licandro et al.’s (V −R) = 0.4± 0.3. The activity
is weak and most likely dust dominated, so does not explain such a large discrepancy.
3Here I regard the 5 points over 2 nights from the INT data as a ‘time-series’ as it exhibited a similar
variation to the others and thus gave an average magnitude relatively free of rotational phase effects.
There are too few data in this set to put any statistically meaningful constraint on the rotation period,
although coincidentally the best fit period to the data is ∼21 hours, similar to one of the possible periods
















Figure 5.26: Co-added image of all 63 frames taken of 92P on January 20th, 2004.
Each frame had an exposure time of 75s, giving this combined frame an equivalent
exposure time of 1.31 hr. Again, the profile and 8% coma upper limit imply that the
comet was inactive at the time of observation.
There are two possible explanations: Firstly, the discrepant colours could be due to
the measured R-band magnitude being too faint, which would decrease (V −R) and in-
crease (R− I) relative to their true values. A second explanation for the discrepancy of
the (R− I) measurement is residual fringing in the i′-band which could not be removed.
This is unlikely to have such a large effect, and does not explain the low (V −R) colour,
so I favour the first explanation. The relatively large uncertanties on these colours mean
that a weighted mean of all colour data for 47P (including that of Licandro et al.) gives
values closer to the NTT results: (V −R) = 0.42±0.02, (R− I) = 0.44±0.03.
5.7 92P/Sanguin
92P/Sanguin appears stellar in both individual and co-added images (fig. 5.26 (a)),
and a surface brightness profile (fig. 5.26 (b)) shows that it was inactive at the time
of observation in January 2004. Again, I calculate limits on any unresolved coma by
measuring Σc(5) ≥ 30.1 mag. arcsec−2. This corresponds to a coma magnitude of
mc ≥ 24.6, equivalent to ≤ 9± 18% of the average flux from the comet, which was
found to have an integrated magnitude of mR = 21.938±0.007.
Table A.9 gives the measured apparent R-band magnitudes for 92P. The null hy-
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Figure 5.27: Periodogram for 92P. The strongest period found is at Pfitted = 3.11±0.03
hours, corresponding to rotation period of Prot = 6.22±0.05 hours.
Figure 5.28: Folded light-curve for 92P, period = 6.22 hours.
5.7 92P/Sanguin 118
pothesis (constant brightness) is rejected at a 39σ confidence level. The periodogram
for 92P (fig. 5.27) shows a clear minimum at 0.13 days, corresponding to a rotation
period at Prot = 2×Pfitted = 6.22± 0.05 hours. This minima has χ2/ν = 2.85 ≈ 14σ;
again not very close to the theoretical χ2/ν = 1 but acceptable for the best fit sinusoid
to a real light-curve which is non-sinusoidal. The brightness variations are clearly real;
the light-curve, folded onto the best-fit rotation period, is shown in fig. 5.28. Second
order or higher fits to the data do not formally improve upon the fit; the data which
suggest to the eye a deeper second minimum, and therefore a higher order fit, may be
an artefact of the larger scatter of points at lower S/N at lower intrinsic brightness. The
fit can be slightly improved by introducing a shift of ∼ 0.2 mag between the 2 nights,
which could be attributed to the fact that relatively few comparison stars were available
for this comet and those chosen had non-optimal colours. However, the relative shift
can not be determined with sufficient accuracy to justify changing the photometry, and
such a shift does not have a significant effect on the measured physical properties of
the nucleus.
The data give ∆m = 0.60± 0.05 mag., corresponding to an axial ratio of a/b ≥
1.7± 0.1. The mean magnitude is mR = 21.938± 0.007. Once again, equation 3.3
gives a radius of the equivalent spherical body of rN = 2.07±0.01 km. This gives the
nucleus of 92P projected dimensions of a×b = 3.1×1.8 km.
The radius of 92P has previously been measured to be rN = 1.84±0.07 km (Lowry
& Weissman 2003) and rN = 1.18± 0.20 km from Meech et al. (2004), calculating
rN in this case from their result mR = 26.451± 0.364 using the position of the comet
at the time of observation (Rh = 8.57 AU, ∆ = 8.43 AU, α = 6.6◦), pR = 0.04 and
β = 0.035 mag. deg−1 for consistency with the other results presented here. The first of
these produces results consistent with the NTT data, from a snap-shot taken at similar
heliocentric distance (Rh ≈ 4.5 AU). The second result gives a lower radius, but is
consistent at a 3σ level with my measurements if I assume that this snap-shot was
taken at a minimum in the rotational light-curve. Alternatively, following the logic
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described in section 5.2 for 14P, Meech et al.’s snap-shot could have been taken at
a deeper minimum than observed here due to differences in observational geometry.
If this were so, and assuming that their radius then gives the semi-minor axis b =
1.18 km while the true effective radius is 2.07 km, then an axial-ratio of a/b = 5.2 is
required. This does not seem to be be plausible, and an alternative explanation for the
discrepancy is needed. A different phase law suggests itself, but is rejected as all three
observations were at similar α and a measurement of β cannot be made, let alone be
used to explain the difference in measured sizes. The possibility that there is some faint
coma associated with the comet at Rh ∼ 4.5 AU that does not exist at 8.6 AU would
account for the increase in brightness. However, fig. 5.26 shows an inactive comet, and
equation 3.1 puts strong limits on any coma at ≤ 8% of the flux. Finally, the colour
indices of 92P are measured to be (V −R) = 0.54±0.04 and (R− I) = 0.54±0.04.
5.8 94P/Russell 4
94P/Russell 4 was observed over 4 nights in July 2005 using the INT. It became a time-
series target following detection at suitable S/N in a speculative snap-shot observation,
as it had no previous size measurement other than an estimate of rN = 1.9 km by Tan-
credi et al. (2000). A total of 83 r′-band frames were taken, and in addition at least
one colour block on each night. The combined image (from all but 2 of the 26 frames
taken on the 6th of July; the 2 not included were slightly trailed due to the telescope
shifting during the exposures) and corresponding profile show that the comet was pos-
sibly active at the time of observation, when it was at Rh = 4.1 AU, outbound (fig. 5.29).
The profile shows some signs of faint activity beyond 2′′ from the nucleus, although this
may be due to residual flux in the combined image from particularly bright nearby stars.
The calculated coma contribution within 5′′ is mc ≥ 21.25, or ≤ 77± 30%; measured
before the peak from possible stellar contamination the contribution is mc(3′′)≥ 22.06,
or ≤ 37±15%.
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Figure 5.29: Co-added image of 24 frames taken of 94P on July 6th, 2005. Each frame
had an exposure time of 75s, giving this combined frame an equivalent exposure time
of ∼30 minutes. The profile implies that the comet was weakly active at the time of
observation, although the rise at the end may be due to residual star light.
The mean magnitude of 94P was measured to be mR = 20.974±0.015; as with other
comets observed during this run the individual magnitudes were converted to absolute
magnitudes due to the δmR ≈ 0.03 mag. difference over the four nights, primarily due
to the changing phase angle. The weak activity means that this only gives limits on
the absolute magnitude and radius; these were measured to be mR(1,1,0)≥ 15.187 and
rN ≤ 2.62±0.02 km.
The motion of this comet was such that it was not possible to use common stars
to produce multi-night differential light-curves, but since it was reasonably bright and
exhibited a large amplitude variation the increase in size of the error bars due to cal-
ibration onto the Landolt scale was not significant. The null hypothesis of constant
brightness is rejected at a 50σ level. The periodogram for 94P is shown in fig. 5.30;
the strongest minimum is at Pfitted = 16.7± 0.4, corresponding to a rotation period of
Prot = 33.4±0.8 hours. Although this minimum only has χ2/ν = 193/79 = 2.45≡ 9σ,
and the data folded onto this period displays considerable scatter (fig. 5.31), it is clear
that there is variation in the brightness of the comet.
The full range observed in the data is ∆m = 1.6± 0.2 mag., implying a/b ≥ 4.4.
This is a very extreme elongation, well in excess of any other measured nucleus, and
exceeded by only a very few asteroids. The fact that there are large ranges in observed
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Figure 5.30: Same as fig. 5.2 for 94P.
Figure 5.31: Folded light-curve for 94P, period = 33.4 hours. Data from separate nights
are plotted with different symbols (circle - night 1; cross - 2; square - 3; triangle - 4):
the variation in brightness is considerable even during single nights.
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brightness on individual nights and that this comet was bright, but a reasonable periodic
light-curve cannot be found in four nights of data strongly implies that these variations
are not due to the nucleus but due to the coma. Sharp changes in the brightness due
to changing quantities of dust within the photometric aperture could be caused by out-
bursts.
An alternative explanation is that the range in mR is due to the nucleus, but variations
in albedo across its surface instead of changing cross-sectional area, which would be re-
vealed by periodicities in the colour indices. There are some variations in the measured
colours of the comet, although the individual measurements are normally distributed
around the mean values of (V −R) = 0.62±0.05 and (R− I) = 0.44±0.06, with the
exception of one measurement made when the comet was relatively close to a bright
star. The variations do not appear to be correlated with either of the above periods, nor
can the r′-band data be fit to periodicities found in the (R− I) sequence. Changes in
surface colour do not seem to be the cause of the large amplitude variations seen in
the light-curve; I conclude that outbursts changing the amount of observed coma are
responsible for the photometric variations.
The (V −R) measurement places 94P towards the red end of the distribution of
JFC colours. Following the theory that cometary nuclei become less red with time and
activity following insertion from the Kuiper Belt, this would imply that this is a ‘young’
nucleus. It was only discovered in 1984 after a close (0.6 AU) encounter with Jupiter
in 1975 inserted it into its current 6.6 year orbit, however a more thorough dynamical
study would be required to test whether or not there are any grounds for speculation
about the age of the comet.
5.9 121P/Shoemaker-Holt 2
121P/Shoemaker-Holt 2 was predicted to have mR = 22.18 during the 2006 INT run,
based on a radius of rN = 1.75±0.63 km from a snap-shot observation in June 1999 by
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Figure 5.32: Co-added image of 121P. The nucleus appears star-like, and the profile
implies that the comet was inactive at the time of observation, yet there is a tail visible
∼ West [upwards in (a)] of the nucleus (highlighted in fig. 5.33).
Lowry et al. (2003). The comet was brighter than expected, but a combined image and
surface brightness profile showed the comet to be inactive (fig. 5.32), with a calculated
coma contribution within 5′′ of mc ≥ 24.95, or ≤ 2±4% of the total flux. The nucleus
profile appears to be a good match to the image PSF, implying that it is a point source
and therefore inactive. However, inspection of the co-added frame revealed a dust
feature in the plane of the comet’s orbit. Originally suspected to be a dust trail of
remnant dust particles along the orbit due to the apparent inactivity of the comet, it is
clear from fig. 5.33 (in which colours are used to highlight faint features, and the orbit
of the comet projected onto the sky is over-plotted) that the feature is a tail, as it is not
entirely in the orbital plane and spreads around the anti-solar direction. This means
that there are two contradictory measurements; the stellar nucleus profile implies that
there is no coma, and there is clearly none resolvable, yet there is a tail, which implies
that the comet is quite highly active. A tempting interpretation is that the observations
happened to catch the comet just after it ‘turned off’, or shortly after an outburst from an
otherwise inactive comet, meaning that there is no near nucleus coma, but the material
in the tail has not yet dispersed.
Assuming that the nucleus was inactive, the measured mR = 20.775±0.006 implies
mR(1,1,0)= 14.660 and rN = 3.35±0.01 km. This is considerably larger than the rN =
1.75±0.63 result found by Lowry et al. (2003), even considering the large error bar on
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Figure 5.33: Wider field co-added images of 121P, using false colour to highlight the
faint tail. (a) shows the first night’s data, during which the seeing was poor and ex-
posure times were doubled, and there were too few images to generate a background
image without the comet to subtract. This image is therefore a direct sum of the 4 r′-
band images (equivalent exposure time te = 27 minutes), and contains stars. (b) was
produced from the 18 r′-band frames (te = 65 minutes) taken on the 2nd of March 2006,
and has had background objects removed. (c) shows the data obtained with the FTN in
May 2006, and shows no tail, although it is not such a deep image (14 minutes).
their result. This further suggests that there is some activity present in the INT frames;
the axial-ratio required to explain the difference as due to Lowry et al. observing an rN
= 3.35 km body at a light-curve minimum is a/b = 6.3, which is unrealistic. However,
the brightness of the comet does show variations which may be periodic and could be
interpreted as being due to the rotating nucleus: the periodogram and best fit folded
differential light-curve are shown in fig. 5.34 and fig. 5.35. With only 4 frames taken
on the first night and 19 on the second, there is ambiguity in the determined period.
A number of periods give visually acceptable light-curves; Figure 5.35 shows 4 that
illustrate the range seen in the periodogram. Note that the deepest minima have χ2/ν <
0.68(≡ −1σ), implying that the error bars on the photometry are over estimated (i.e.
the brightness measurements are more accurate than the conservative estimates on the
uncertainties). The null hypothesis of constant brightness is rejected, at only χ2/ν =
47.4/21 = 2.2≡ 3.8σ, although this would be rejected at a higher confidence level if the
error bars on individual points were reduced. The total variation is ∆m = 0.15± 0.03
mag., implying a minimum a/b ≥ 1.1 and a fairly spherical shape or near pole-on
orientation, although (following the discussion on 36P in section 5.4.1) if there is near
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Figure 5.34: Reduced χ2 periodogram for 121P.
nucleus unresolved coma then the true axial-ratio will be larger.
To determine whether or not 121P was still active, and in particular to investigate the
interpretation that it had just ceased outgassing in March, the comet was observed again
on the 31st of May 2006, using one hour on the FTN. Based on the radius measured
using the INT, the predicted magnitude at this time was mR = 20.69; actually brighter
than during the INT observations due to the lower phase angle, and theoretically well
within the capabilities of the 2.0m FTN. 14 R-band frames were taken over the course of
the hour, along with 3 V -band and suitable standard star observations for calibration. As
the FTN does not have an auto-guider, exposure times were limited to 60 s to minimise
trailing of the images due to the telescope’s movement. Combining all frames gave a
detection of the comet, which was very close to the predicted brightness, with mR =
20.63±0.10. The profile of this combined image indicated that the comet was inactive
(mc(3.1′′)≥ 24.2, implying a flux contribution of ≤ 4±7%), and no tail was detected
to a 3σ limiting surface brightness of ΣR & 25. Unfortunately this does not rule out a
tail, as the surface brightness in the centre of the tail in the INT data is beyond these
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Figure 5.35: Folded differential light-curves for 121P, periods A = 8.4, B = 10.1, C =
12.8 and D = 17.4 hours.
detection limits at ΣR ≈ 25.5. The FTN observations were therefore unable to constrain
the evolution / dissipation of the tail, although the star-like profile suggesting inactivity
adds support to the idea that both sets of observations were of a bare nucleus which had
recently ceased out-gassing.
If this is the case then a measurement of the phase function can be made. As the
measured FTN brightness was close to the predicted value, then β must be close to
the canonical 0.035; in fact a fit to these two points gives β = 0.047± 0.020, and
mR(1,1,0) = 14.494± 0.006, implying rN = 3.61± 0.01 km. These results are still
inconsistent with those of Lowry et al. (2003), and a non-standard phase law does little
to improve matters. Including their result gives a phase law with β = 0.036±0.006, and
an implied mR(1,1,0) = 14.65 and rN = 3.36, but still does not fit their magnitude well.
The colours measured for 121P were (V −R) = 0.53±0.03 and (R− I) = 0.44±0.03,
from the INT data, and (V −R) = 0.29± 0.20 in the FTN data, where the extreme
faintness in the few short V -band exposures gives large error bars.
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Figure 5.36: Image showing 137P, created from 22×140 second exposures taken on
the second night of the 2005 NTT run. The stellar profile matches the comet, implying
that the comet was inactive.
5.10 137P/Shoemaker-Levy 2
137P/Shoemaker-Levy 2 was a secondary target during the March 2005 NTT run, as its
extremely large distance (7.0 AU, inbound) gave it a predicted brightness of mR = 23.0,
making it a challenging target even with the 3.6m NTT. However, a snap-shot was taken
on the second night of observations at a point when all the primary targets were either
below the horizon or too close to field stars. The comet was detected at a similar
brightness to 17P, so was added to the light-curve target list. An image produced by
shifting and adding all R-band data and the corresponding profile (fig. 5.36) show that
the comet was inactive, as expected as it was close to aphelion. The limit on any
coma contribution within a 5′′ aperture was formally found to be mc ≥ 22.9, which
corresponds to up to 82% of the flux, although at ρ = 5′′ sky noise entirely dominates.
Although most of the background sky is removed by the process that gives fig. 5.36,
the comet profile can not be measured accurately beyond Σ = 32 mag arcsec−2. The
profile is clearly stellar in the inner part; measuring the surface brightness at ρ = 2′′
gives mc ≥ 25.0, corresponding to ≤ 14±10% of the flux.
22 R-band images were taken of 137P, but the loss of the 3rd night of the run to bad
weather meant that these data covered only 3 hours (table A.8). There is no statisti-
cally significant variation within these data, and therefore no constraint on the rotation
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Figure 5.37: Photometric data for 137P. There is no statistically significant variation
within the data; in the one night of data there is no evidence for rotation.
period, other than to say that 137P does not rotate unusually quickly, has a shape very
close to spherical or was observed pole on. The data are shown un-folded in fig. 5.37.
The mean magnitude is mR = 22.86±0.03, and therefore rN = 3.58±0.05 km, which
is close to the limit of rN ≤ 3.7 km measured by Lowry et al. (2003). The colour indices
for this nucleus are (V−R) = 0.71±0.18 and (R−I) = 0.54±0.15, which places 137P
at the red end of the distribution of measured nuclei colours, admittedly with relatively
large error bars due to its faintness.
5.11 P/2004 H2 (Larsen)
P/2004 H2 (Larsen) [hereafter H2] was observed in July 2005 at only its second oppo-
sition since discovery in April 2004. Consequently little was known about the comet
prior to the INT run, and an initial snap-shot was performed to try and recover it, and
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Figure 5.38: Image showing P/2004 H2, in which a faint tail can be seen to the West
(left in this image) of the nucleus. The profile also shows that the comet was weakly
active, although the flux from the nucleus dominates in the photometry.
possibly measure a nucleus size. It was detected in the snap-shot and was seen to be
bright enough, with a stellar appearance, to encourage continued observation, and was
subsequently observed on all 7 nights of the run. A total of 98 r′-band frames were
taken; the combined image shown in fig. 5.38 (a) is made up of the 16 taken on the 4th
night. It can be seen in this image that the comet was weakly active, with a small tail
extending in a Westerly direction from the nucleus. The profile also shows the comet
to be active, with mc = 23.85 measured within ρ = 5′′. The comet flux is dominated
by the nucleus though, as this corresponds to only 13± 11% of the total flux, under
the assumption of steady state coma. This assumption is only an approximation in this
case, as the slope of the profile is slightly steeper than m = −1.5. The level of activity
is quantified by A f ρ = 6.0± 0.1 cm, within ρ = 11,000 km, in agreement with the
assessment that this comet was only very weakly active at the time of observation.
H2 was moving relatively slowly on the sky at the time of observation, allowing
for both long exposure times (210 s) and the use of common stars to generate entirely
differential light-curves over three night time-spans. These were searched for period-
icities, and also combined by comparing the brightness of the comparison stars in the
overlapping nights (3 & 5) to give a full 7 night differential light-curve relative to the
stars in the middle nights, although the difference in error bars between the differential
and calibrated light-curves was found to be negligible. Therefore the calibrated light-
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curve, adjusted to take into account the changing observational geometry by reducing
the photometry to absolute values, was used. No convincing periodicity was identified.
As the comet is active, I find a lower limit to the absolute magnitude and an up-
per limit to the radius. The light-curve does give an accurate measurement of mR =
21.590± 0.007, which reduces to an absolute magnitude of mR(1,1,0) ≥ 15.875 and
therefore a mean effective radius of rN ≤ 1.91±0.01 km. The mean measured colours
of this comet are (V −R) = 0.49± 0.02 and (R− I) = 0.28± 0.04, although the in-
dividual measurements have considerable scatter around these means, possibly due to









Table 5.1: Derived physical parameters and colours from time-series photometry on JFCs.
Comet mR mca mR(1,1,0) rN Prot a/bb DNb (V −R) (R− I)
[km] [hr] [g cm−3]
7P 22.465±0.016 ≥25.3 15.532±0.016 2.24±0.02 7.9+1.6−1.1 1.3±0.1 0.22±0.08 0.40±0.05 0.41±0.06
14P 22.281±0.007 ≥25.5 14.787±0.007 3.15±0.01 7.53±0.10 1.7±0.1 0.32±0.02 0.57±0.07 0.51±0.06
17P 22.864±0.020 ≥24.6 16.241±0.020 1.61±0.01 7.2—12.8 1.3±0.1 0.20±0.02 0.41±0.07 0.44±0.08
36Pc d 21.370±0.016 ≥22.4 15.272±0.016 2.52±0.02 3.56±0.02 1.4±0.1 1.24±0.07 0.46±0.05 0.52±0.04
36Pe 21.570±0.008 ≥24.5 (3.3′′) 15.247±0.008 2.55±0.01 40.6±0.6 1.9±0.1 0.01±0.01 0.48±0.03 0.56±0.03
40Pd 22.08±0.02 ≥22.2 ≥ 15.72 ≤ 2.05 n/a n/a n/a 0.37±0.10 0.65±0.11
47Pc 21.680±0.007 ≥27.4 14.638±0.007 3.37±0.01 11.2—44.0 1.5±0.1 0.04±0.01 0.45±0.03 0.38±0.03
47Pe d 22.01±0.04 ≥22.9 14.93±0.04 2.96±0.05 n/a 1.4±0.1 n/a 0.29±0.06 0.79±0.07
92P 21.938±0.007 ≥24.6 15.700±0.007 2.07±0.01 6.22±0.05 1.7±0.1 0.49±0.06 0.54±0.04 0.54±0.04
94Pd 20.974±0.015 ≥22.1 (3.0′′) ≥ 15.19 ≤ 2.62 n/a n/a n/a 0.62±0.05 0.44±0.06
121Pe 20.775±0.006 ≥25.0 14.660±0.006 3.35±0.01 10+8−2 1.15±0.03 0.12±0.04 0.53±0.03 0.44±0.03
121Pf 20.63±0.10 ≥24.2 (3.1′′) 14.60±0.10 3.44±0.16 n/a n/a n/a 0.29±0.20 n/a
137P 22.86±0.03 ≥25.0 (2.0′′) 14.51±0.03 3.58±0.05 n/a n/a n/a 0.71±0.18 0.54±0.15
H2d 21.590±0.007 ≥23.9 ≥ 15.88 ≤ 1.91 n/a n/a n/a 0.49±0.03 0.28±0.04
aLimiting coma magnitude measured within 5′′, unless stated.
bLower limits as the orientation of the rotation axis is unknown.
cResults from 2005 NTT run. For each of the comets with multi-run data the individual results are presented here; the conclusions based on the combined
data, including phase curves, are given in the text.
dFaint coma present. Note that these results do not include any correction for the presence of faint near-nucleus coma.
eResults from 2006 INT run.
fResults from 2006 FTN observations.
Chapter 6
Ensemble properties of JFC nuclei
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Here I take the results presented in the last two chapters, and consider how they
influence the understanding of JFCs in general. Although there are differences in the
properties measured for individual comets, these data allow constraints to be placed
on the properties of the population. Specifically, I consider the size distribution of the
ecliptic comets, the range in spin-rates and shapes and therefore densities, and also
trends in surface colours of these objects.
6.1 Size distribution
The size distribution of any population of bodies is of critical importance in constrain-
ing their formation and subsequent collisional evolution. Happily, it is also one of the
more straight forward characteristics of the population to measure, as at least reasonable
estimates of the size of bodies can be made with snap-shot observations. Time-series
data allow better measurements of their sizes, as this removes uncertainties due to their
rotational light-curve. Converting the measured magnitude to the size of an object de-
pends on its albedo and phase function; there are only 5 JFCs for which both of these
are independently well measured (2P/Encke, 9P/Temple 1, 10P/Temple 2, 19P/Borrelly
and 28P/Neujmin 1; two of which have a size measurement from resolved imaging by
space-craft), although a few more comets have measurements of one or the other. The
uncertainty due to the unknown albedo can be overcome by considering a distribution
of absolute magnitudes instead of sizes, although this makes little practical difference
for comets as one has to assume a standard albedo, making the distributions equivalent.
Where the albedo of a particular nucleus is known it is used in the following discus-
sion; the fact that most measured albedos are close to the canonical 4% value means
that they can be compared with the sizes from assumed albedos without introducing any
bias. Previous measurements of the size distribution of JFCs have followed a similar
assumption.
The distribution is generally plotted as a cumulative size distribution (CSD), ex-
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pressed in terms
NS(> rN) ∝ r−qSN (6.1)
or
NL(< mR(1,1,0)) ∝ 10qLmR(1,1,0) (6.2)
for a cumulative luminosity (brightness) distribution. As discussed above, these are en-
tirely equivalent if the albedo of all the nuclei is the same, and for this case Irwin et al.
(1995) showed that qS = 5qL. Hereafter I therefore only refer to the size distribution,
and drop the subscript when referring to q ≡ qS. A number of measurements of these
distribution co-efficients have been made, generally based on snap-shot observations
of a large number of nuclei. Lowry et al. (2003) measured q = 1.6± 0.1 based on a
sample of 33 comets, and Weissman & Lowry (2003) updated this to q = 1.59±0.03,
based on 41 JFCs with rN ≥ 1.4 km. They chose to fit the size distribution to only
those nuclei with rN ≥ 1.4 km as the slope of the CSD is approximately constant above
this radius, while below it there is a sharp cut-off. This is generally assumed to be due
to observational bias due to the difficulty in detecting faint nuclei, although could also
be a product of mass loss or disruption of small nuclei (Lamy et al. 2004). The latest
size distribution from these authors has q = 1.73± 0.06 (Weissman & Lowry 2006).
Another estimate comes from Ferna´ndez et al. (1999), who use selected data in quality
classes 1-3 (uncertainties on mV (1,1,0) up to ±1 mag.) from the catalogue presented
by Tancredi et al. (2000), with cut-offs in both absolute magnitude and perihelion dis-
tance. The discrepancy between Ferna´ndez et al.’s estimate of q = 2.65± 0.25 and
those of Lowry et al. can be explained by these cut-offs (leaving only 12 comets) and
the large uncertainties on magnitudes in Tancredi et al.’s catalogue. Tancredi et al.
(2006) present an updated catalogue and find q = 2.7± 0.3 for rN ≥ 1.5 km. Meech
et al. (2004) measure q = 1.45± 0.05 over the range 1 ≤ rN ≤ 10 km, and a steeper
q = 1.91±0.06 in the range 2≤ rN≤ 5 km, showing the large dependence on the choice
of size range. They also apply a monte-carlo method to their snap-shot data to correct
for observational bias and find that the JFC CSD is consistent with a model distribution
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with q = 2.5 and real cut-off at small radii (0.3-2.0 km). Hicks et al. (2006) measure
q = 1.50±0.08 from Near Earth Asteroid Tracking (NEAT) survey data, although this
makes use of observations of active comets and a coma subtraction technique. Finally,
Lamy et al. (2004) collates the data from most of these catalogues, together with their
own unpublished results, those from Licandro et al. (2000b) and also from other papers
on individual comets, to calculate q = 1.9±0.3 for JFC nuclei with rN ≥ 1.6 km.
The results presented in chapters 4 and 5 add four new and 12 improved radii mea-
surements (these do not include the upper limits for the weakly active comets). As
previously described, I assume pR = 0.04 and β = 0.035 mag. deg−1 (the uncertainties
introduced by these assumptions are discussed later in this section). A measurement
of the CSD can be made by combining my data with the Lamy et al. (2004) catalogue
(and also including other size measurements published since 2004: Lowry & Fitzsim-
mons 2005; Ferna´ndez et al. 2006). To allow direct comparison between my results and
those in the Lamy et al. catalogue, all radii with unknown phase function were scaled
to β = 0.04 mag. deg−1 using
r2 = r1100.2α(β2−β1) (6.3)
giving a total of 69 JFC nuclei with reliable radii based on the same assumed albedo
and phase function.
The best fit to the CSD for all 69 nuclei (fig. 6.1) has q = 1.74±0.01, for a weighted
fit to all the data. Note that this error bar does not give a true reflection of the uncer-
tainty, as such a fitting procedure assumes independent data points and this is not the
case for a cumulative distribution, and it does not take into account the uncertainties due
to albedo and phase function. The true uncertainty on q is considered below. Fitting
to only the rN ≥ 1.6 km comets gives q = 1.91. For radii smaller than this, the CSD
levels off, again most likely due to observational incompleteness. While it is clearly
better to fit only the approximately linear part of the CSD below the ‘knee’ at rN =
1.6 km, the weighted fit to all 69 comets matches the linear part of the curve, as the
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Figure 6.1: Cumulative size distribution for all JFCs, including radii from the compi-
lation by Lamy et al. (2004), this thesis, and other recent papers (see text). The best
fit straight line to the linear region with rN ≥ 1.6 km has q = 1.91 (solid line), while a
weighted fit to all the data provides a reasonable approximation with q = 1.74 (dashed
line). Using a different technique which weights the points on √N, and again fitting
only to the linear regime, gives the dotted line with q = 1.7, similar to the other solu-
tions.
CSD is dominated by the larger nuclei. A test was made fitting the data using a second
technique, which weights the points as
√
N, which gave q = 1.7±0.3. Considering the
uncertainties discussed below, this a similar result. The first technique is used here.
The uncertainty on these fits is dominated by the difference caused by inclusion or
exclusion of the largest nuclei from the sample. The largest JFC is 29P/Schwassmann-
Wachmann 1, which can justifiably be rejected on the grounds that it can alternatively
be classified as a Centaur, as it orbits entirely beyond Jupiter’s orbit with orbital semi-
major axis a = 6.0 AU. Removing this from the list gives a best fit to the remaining
68 nuclei with q = 1.80. Removing the next largest comet, 28P/Neujmin 1, further
increases the gradient of the CSD to q = 1.86. Fitting to only the rN ≥ 1.6 km region
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gives an even greater increase in the gradient when the largest nuclei are removed, with
q = 2.06 and 2.19 after removal of 29P and 28P respectively. The effect that inclusion
or exclusion of these two comets on the CSD was also noted by Lamy et al. (2004),
who used a different fitting method, so this is not a procedural problem. It is clear
that the CSD is dominated by the largest comets, which makes the inclusion of the
new result of Ferna´ndez et al. (2006) of importance, as they report 162P/Siding Spring
to have rN = 6.0± 0.8, making this the next largest JFC after 29P and 28P. This not
only influences the size distribution (although its presence or absence does not affect
the fit to the same magnitude that the larger two nuclei do), but it also shows that even
at the large end of the distribution there are still more comets being discovered; 162P
was only found in 2004, most likely escaping earlier detection due to its low levels of
activity.
Changing the assumed phase function will alter the observed CSD. The phase
function for JFCs is an interesting parameter in its own right, as it is related to the
surface properties (roughness), and could also be related to the albedo if the empir-
ical correlation seen in asteroids (Belskaya & Shevchenko 2000) applies to comets.
Lamy et al. (2004) collate measurements of β for 7 JFCs with a range of 0.025≤ β ≤
0.06 mag. deg−1, and in addition Sekanina (1991) gives β = 0.037 mag. deg−1 for
10P/Temple 2. Adding the steep value of β = 0.083 mag. deg−1 reported for 47P in
chapter 5 gives a range of ∼0.06 mag. deg−1 in measurements, which for a typical ob-
servation at α = 10◦ gives a∼30% change in the radius. These data also suggest that the
normally assumed values of β are slightly low; the average is at β = 0.05 mag. deg−1,
although this is based on only 9 measurements. It is possible that the recent detection of
steeper phase functions is due to an inverse correlation between size and β, with earlier
measurements necessarily concentrating on the largest comets and improved technol-
ogy allowing the study of smaller, more phase darkened nuclei; again, the small number
of measurements means that such a relationship lacks statistical significance.
To investigate the effect that changing the assumed value of β has on the CSD, the
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subset of the full database for which the phase of observation was reported (41 comets)
was varied using equation 6.3 for a range of values of β. This subset has q = 2.29 for
β = 0.04, and contains neither 29P (for which α at the time of observation was not
reported) nor 28P (as comets with known phase function were omitted from the list).
As from above that there is little difference between fitting q to the whole data set and
fitting to only the linear part, for this investigation the fitting was carried out over the
full range, which greatly simplified the process due to the change of the position of the
‘knee’ with β. It should be noted that a large number of the comets which are excluded
from this list due to the non-reporting of α are from Lamy et al.’s HST work, and
therefore more likely to have been observed at large phase angle and be susceptible to a
large alteration in measured radius with a change in β. The variation in the fitted CSD
was investigated for 0 ≤ β ≤ 0.1, in steps of 0.005, covering the full range discussed
above and more extreme values to either side of the distribution. Generally, as the
assumed value of β increases the size of individual comets increases, but the variation
in α at the time of observation means that the change in size varies between comets,
obviously being largest for comets observed at large phase angle. This means that
both the gradient and the shape of the CSD varies as nuclei change their relative sizes.
The steepness of the distribution increases with increasing β, with the ‘knee’ in the
distribution becoming more pronounced and moving to larger rN. The change of q with
β (fig. 6.2 (a)) is not a smooth function, as the discrete radii and their changes relative
to each other cause the best fit to jump between values of q. Figure 6.3 shows example
CSDs for phase functions at opposite ends of the observed distribution. The large
change between q(0.025) = 1.76 and q(0.085) = 2.47 demonstrates that the assumed
phase function is a source of a large uncertainty in the CSD.
The same method was also repeated with the inclusion of the 9 fixed radii, for
comets with known β, included in the CSD. These acted to anchor the distribution as
the radii of the other comets varied around them, and meant that q(β) varied more
smoothly, with smaller jumps between fits, and over a smaller range in q (fig. 6.2 (b)).
The fact that 28P is included in this distribution as a large fixed radius nucleus at the end
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(a) (b)
Figure 6.2: Cumulative size distribution gradient q against assumed phase function β,
for (a) 41 JFCs with unknown β but reported α and for (b) also including 9 JFCs with
fixed radii due to having known β.
Figure 6.3: Cumulative size distributions for β = 0.025 and 0.085; without the 9 fixed
nuclei on the left, and including them on the right.
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of the distribution no doubt plays a large part in this. The range observed in this case
was between q(0.025) = 1.96 and q(0.085) = 2.04±0.01, with a peak at q(0.055) =
2.14±0.01.
I choose to report the best fit CSD as the one including all 69 nuclei, as this is the
most complete catalogue yet assembled. This necessarily has β = 0.04, which, lacking
further data, seems a reasonable value to take in the centre of the distribution. The best
fit is then that shown in fig. 6.1, although I expand the error bars on the fit to include
the uncertainties due to both the choice of inclusion/exclusion of 29P and the assumed
phase function, giving q = 1.9+0.3−0.2, for JFCs with rN ≥ 1.6 km.
This is lower than the theoretical q = 2.5 distribution derived by Dohnanyi (1969)
for a collisionally relaxed population of self-similar bodies, with the same strength
per unit mass, but is similar to the distribution for a collisional population of gravity
controlled (strengthless) bodies, q = 2.04 found by O’Brien & Greenberg (2003). With
the reasonably large uncertainty on the size distribution due to the small number of
JFCs observed it can only be said that the CSD is consistent with this theoretical result.
It is also important to note that this theoretical distribution does not give a constant
slope, but is ‘wavy’. While the JFC CSD does vary around the best fit straight line, this
is more likely an artefact of the small numbers than a truly wavy distribution. For other
Solar System minor body populations with better statistics, such as the NEOs and main
belt asteroids, such waves in the CSD are seen (O’Brien & Greenberg 2005).
A comparison between the JFC CSD and the size distributions of other popula-
tions is of interest. The supposed parent population of the JFCS, the KBOs, have
considerably steeper CSDs, although these are measured at larger sizes as the size
ranges at which comets and KBOs have been observed are different. The values of
q = 3.20±0.10 (Larsen et al. 2001) and 3.0±0.5 (Trujillo et al. 2001) are for r > 20
km. It is therefore difficult to compare this steep distribution with the shallower JFC
distribution, as it does not necessarily continue to the JFC nuclei size regime. It has
been suggested that the KBO CSD has two parts, with the larger objects being pri-
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mordial but the smaller ones collisional remnants, and therefore possibly with a CSD
similar to the JFCs (e.g. Davis & Farinella 1997). However, recent results from X-
ray occultation data (Chang et al. 2006) suggest that an extrapolation of Trujillo et al.
(2001)’s size distribution holds true down to 100m scales, suggesting a large difference
between KBO and JFC size distributions. Such a difference has yet to be explained.
Weissman & Lowry (2003) collate CSD measurements and estimates for other minor
bodies: For the other JFC related population, the Centaurs, there are insufficient data to
give a good measurement of the CSD, although estimates put it at q≈ 3. As discussed
above, asteroids and NEOs have wavy distributions, but the slopes of their CSDs fall
closer to the JFC value at q≈ 2 than the KBOs. Taken together, and bearing in mind the
above caveats regarding the lack of observations at similar scales, these various mea-
surements tend to imply that CSDs are larger for outer Solar System bodies, implying
a greater excess of small objects at large Rh. If this is the case, then this implies that
factors such as cometary activity may strongly modify the CSD of JFCs.
6.2 Rotational properties
Figure 6.4 shows histograms of spin rates for JFCs, KBOs, Centaurs and asteroids. The
rotation rate distribution of JFCs provides another test to determine whether they are
a collisionally relaxed population, or whether torques due to out-gassing substantially
alter this distribution. For a collisionally relaxed population, these distributions should
show a Maxwellian shape, as seen in large (r > 20 km) asteroids (Pravec et al. 2002 –
their fig. 3 is recreated in fig 6.4(D) for comparison). Following Pravec et al., I plot the
rotation frequency f = 1/Prot normalised using the geometric mean 〈 f 〉 of each sample,
which accounts for different sized bodies.
The histograms for JFCs, KBOs and Centaurs are not obviously Maxwellian in na-
ture. Naı¨vely, it is expected that torques due to out-gassing from nuclei will act to
flatten the comet distribution from an initial Maxwellian, as the torques will speed up
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Figure 6.4: Histogram of normalised spin rates ( f/〈 f 〉, where f = 1/Prot) rates for (A)
JFCs, (B) KBOs, (C) Centaurs and (D) asteroids. The asteroidal data is reproduced
from Pravec et al. (2002), and shows the Maxwellian distribution in spin rates expected
for a collisionally evolved system.
or slow down the rotation, although detailed numerical modelling is required to give the
theoretical distribution for a cometary population. The JFC distribution appears rela-
tively flat, with a slight excess at low spin rate / long rotation period, possibly due to the
enhanced survival of spun down nuclei compared with those spun up towards the criti-
cal rate for remaining gravitationally bound. In fact the comet distribution is very well
matched by a flat distribution; a Kolmogorov-Smirnov test comparing the normalised
frequency distribution in fig. 6.4 (A) with a flat distribution with the same mean and
standard deviation gives a D statistic of 0.07, implying that the distribution is entirely
consistent with being flat (probability of P = 1.00). Given the small sample size, it is
pointless to fit either a Maxwellian or any other complex theoretical distribution to the
JFC data at present.
While there is an apparent contradiction between the CSD suggesting that the JFCs
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are consistent with a population of collisional fragments, and the non-Maxwellian spin
rate distribution, this is not the case. The CSD suggests an initial population that is
made up from collisional fragments (presumably the remains of large KBOs), while
the spin rate distribution indicates that the population no longer maintains the rotational
velocities imparted by these collisions. The spin rate of the nucleus can be modified;
most obviously by out-gassing, but also by (for example) the YORP effect (Rubincam
2000) or tidal torques due to close approaches to a planet. The timescales for these ef-
fects are considered by Samarasinha et al. (2004); out-gassing changes to spin states are
dominant and can occur on timescales comparable to the orbital period of the comet. It
is therefore not surprising to find that the spin rate distribution does not reflect a colli-
sional population, even if the CSD does. The timescale for mass loss to significantly
alter the size of the nucleus is very much longer, with only a few hundred metres lost
from the surface over the dynamical lifetime of the comet (Weissman & Lowry 2003).
In rotation period, the distributions observed in KBOs and JFCs are similar; a
Kolmogorov-Smirnov test gives a D statistic of 0.14, implying a probability of P = 0.97
that the two samples have the same distribution. Both populations lack the very fast
(Prot < 1 hour) rotators seen in small asteroids, and also both are affected by the same
observational bias; very slow rotators are less likely to be detected in any of these pop-
ulations due to the length of observations, and therefore large amounts of telescope
time, required to search for rotation periods of a few days or more. The KBO spin rate
distribution shown in fig. 6.4 (D) is consistent with a flat distribution (K-S test gives
D=0.13 and therefore P=0.71); the limited data does not appear to have a Maxwellian
distribution. While KBOs may not be a collisional population (as evidenced by their
steep size distribution), they would also not be expected to have the same flattened dis-
tribution as active comets. More spin rate data is clearly required on both comets and
KBOs, and especially Centaurs, which are plotted in fig. 6.4 (C).
The rotation period of the nucleus can further be used to constrain its mechanical
properties by plotting Prot against rN. Toth & Lisse (2006) apply the theory of Davids-
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son (1999) to divide the Prot–rN plane into three regions; the allowed, damaged and
forbidden regions. The precise location of these regions depends on the choice of ten-
sile strength and density of the nucleus; nuclei in the allowed region are small enough
or slow rotating enough that they are not disrupted, those in the damaged region are
fractured due to shear forces but are gravitationally bound, while any object in the for-
bidden region would have spun apart. For all possible material properties considered
Toth & Lisse found that nuclei fell into the allowed region, including very low strength
and density models. The comets presented here also fall into this region.
6.3 Elongations and bulk densities
Using equation 3.19 I calculate the minimum bulk density DN of each nucleus using the
light-curve derived parameters a/b and Prot. This gives only the minimum density for
two reasons; firstly, because the axial-ratios measured from light-curves are only mini-
mum values due to the unknown orientation of the rotation axis, and secondly because
the limit is calculated for the point where gravitational forces just balance centripetal
forces, and there is no reason why the comet needs to be spinning at its fastest possi-
ble rate. Therefore it is not the individual density limits measured for comets that are
of interest (these are listed in table 5.1), but the limiting behaviour of the population.
Figure 6.5 shows log(Prot) against a/b for all of the comets described in chapter 5, and
also JFCs from previous works.
Firstly, looking at the distribution of axial-ratios, it can be seen that JFCs have
generally been found to have small projected axial ratios, implying that they are not
very extended bodies. The exceptions to this are 19P/Borrelly and the Centaur/JFC
29P, which are the two comets with a/b ≈ 2.5. While these comets show that nuclei
can be very elongated, they typically have a/b ∼ 1.5. Although these projected axial
ratios only put minimum limits on the actual a/b, the rotation axes of observed comets
are expected to be randomly orientated; even with only 21 data points in fig. 6.5 it is






























Figure 6.5: Rotation period against projected axial ratio for all JFC nuclei. The error
bars on 7P, 17P and 47P cover the full range of possible periods discussed in the text,
with the point at the strongest period according to the periodogram. Where error bars
are not visible it is because the uncertainty in the best fit period is smaller than the point
size. The open circles show the data from previous works; see fig. 3.3 for identification
of each comet and references. The solid lines show where a strengthless body would
lie on these axes for a variety of densities. There appears to be a cut-off in densities at
∼ 0.6 g cm−3.
likely that the clustering towards low a/b indicates a real trend towards low elongation
shapes.
The reasonably flat distribution in spin rate discussed in the previous section is also
apparent in the even distribution of rotation periods in fig. 6.5, and it is also clear that
there is a fairly sharp cut off at short Prot. This corresponds to a cut-off in minimum
densities at ∼ 0.6 g cm−3. In asteroids, there is a clear cut-off for bodies with r > 80
m at ∼ 3 g cm−3 (Pravec et al. 2002), and it has been suggested (Lowry & Weissman
2003; Weissman et al. 2004) that a 0.6 g cm−3 cut-off for comets is equivalent to this.
The lower value implies that comets are under-dense when compared to asteroids, due
to their larger volatile content and/or more porous structure. The implication of this is
that the true average density of nuclei is ∼ 0.6 g cm−3, as minimum densities would
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be measured below the true value due to the limitations of the light-curve method de-
scribed above, but none would be observed to be above it. For a large enough sample of
a population with randomly inclined rotation axes and a rotation distribution including
some comets spinning near to their break up rate, then the observed cut-off will give the
true density of the bodies (under the assumption that nuclei have a similar average DN).
A limit around DN = 0.6 g cm−3 agrees with the results from the Deep Impact mission,
which found comet 9P/Temple 1 to have a low DN = 0.4± 0.3 g cm−3 (Richardson
& Melosh 2006), and the result of Asphaug & Benz (1996) who obtained DN = 0.6
g cm−3 for D/Shoemaker-Levy 9 based on its tidal disruption within Jupiter’s Roche
limit. To further examine the distribution of measured minimum densities, a histogram
of these N(DN) against DN is shown in fig. 6.6: There is an excess at low minimum
density due to nuclei with long rotation periods, which are presumably spinning at well
below their critical rate. N(DN) then decreases until the cut-off at 0.6 g cm−3, where the
distribution stops. This shape is similar to that seen in the better populated histogram
of asteroid densities, although with the asteroid cut-off at a larger value.
While the low apparent density of comets when compared with asteroids is at-
tributed to higher porosity and/or volatile content, the relative proportions of ice and
rock within a body and the porosity cannot be found independently. However it is pos-
sible to express the fraction of a nucleus, by mass, made up of ice in terms of DN and






where Dice and Drock refer to the densities of the volatile ices (∼ 1 g cm−3) and dust (∼
3 g cm−3 for silicates) respectively. Using this equation for a range of assumed values
of Ψ allows calculation of the corresponding proportions of ice and rock that would be
required to give a density of 0.6 g cm−3. Inserting this value for DN into equation 6.4
gives the mass fraction of ice of Mice/MN = 2−2.5Ψ, and thus a minimum value for
the porosity of Ψ = 40% for an entirely ice nucleus. This is considerably higher than
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Figure 6.6: Histogram of measured minimum densities. Again, there appears to be
a cut-off in densities at ∼ 0.6 g cm−3, and a large number of nuclei with only weak
constraints on the density.
the values found through lab-based studies of meteorites, which have an average micro-
porosity around 10%, with the most porous having Ψµ ≈ 30% (Britt & Consolmagno
2003) Therefore this suggests considerable macro-porosity or voids within nuclei. A
value of Ψ = 50% requires that the nucleus is 75% ice to give DN = 0.6 g cm−3, while
a nucleus with this density and a porosity of Ψ≥ 60% must be silicate dominated (less
than half of its mass as ice). In the limiting case of a comet almost entirely depleted in
volatiles (Mice → 0), an ∼ 100% silicate nucleus must have Ψ ≈ 80% to give the low
observed density. Figure 6.7 shows how Mice/MN varies with porosity for a variety of
densities: Higher densities imply that the porosity and ice fraction must be lower, while
for low densities the porosity must be very large, with void space dominating over solid
matter to such a degree that the fraction of the mass as volatiles makes little difference.
For a known composition and density, equation 6.4 can be used to find the porosity.
A good example is the Deep Impact mission, which found 9P to be an ‘icy dirt-ball’ (i.e.
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Figure 6.7: The composition (fraction of mass as volatiles) against porosity for various
values of DN. The lines are labelled with the value of DN they correspond to. A value
of DN = 0.6 g cm−3 is implied from light-curves.
silicate dominated) due to the large amount of dust in the cratering experiment ejecta
compared with gas from ices. A dust to volatile ratio of ∼ 2:1 (by volume) and density
of 0.4 g cm−3 (Richardson & Melosh 2006) give Mice/MN = 0.15 and Ψ = 0.83. I do
not attempt to find nucleus composition information from coma dust:gas ratios for other
comets, as the assumption that the proportions of material in the coma are the same as
those in the nucleus can not be made; ground based observations found that the Deep
Impact crater ejecta had a considerably higher dust:gas ratio than the pre-impact coma
(Meech et al. 2005). Both this Deep Impact result and the implied low density from the
light-curves presented above suggest that JFCs are in general very porous bodies, with
their volume containing more empty space than solid matter.
In fig. 6.8 I compare the position of JFC nuclei with the results from similar studies
on their supposed parent population, the KBOs, using the recently published compila-
tions of all KBO light-curve data by Lacerda & Luu (2006) and Trilling & Bernstein



























Figure 6.8: Same as fig. 6.5, but including data on KBOs (filled circles) and Centaurs
(triangles) from Lacerda & Luu (2006), Trilling & Bernstein (2006), Ortiz et al. (2006)
and Rabinowitz et al. (2006). The KBOs tend to have lower axial ratios, most likely
due to the larger size of known KBOs - the largest KBOs (r ≥ 200 km) are plotted as
filled squares, and cluster towards the spherical side of the plot. The KBO data also
falls above the 0.6 g cm−3 density line, and taken together with the JFC data support
the hypothesis of a cut-off at this density. The labelled objects are referred to in the
text.
(2006) [see these papers for references to results for individual objects], and also the
new results of Ortiz et al. (2006) and Rabinowitz et al. (2006). Figure 6.8 shows the
position of the 29 KBOs (filled circles) and 14 Centaurs & Scattered disk objects (trian-
gles) with measured light-curves from these papers together with the JFC nuclei from
fig. 6.5. The rotation periods plotted are for double-peaked light-curves, following
the assumption that the changes in brightness are due to the changing observed cross-
section of a rotating elongated body.
It is clear from fig. 6.8 that the comets and the outer Solar System bodies have
similar minimum bulk densities, supporting the theory that JFCs come from the Kuiper
Belt. I note that the KBOs also have minimum bulk densities below the postulated JFC
cut-off of 0.6 g cm−3, with the single exception of 2003 EL61. This object is truly
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exceptional in many ways; it is Pluto-sized, yet appears to rotate in 3.9 hours, is bluer
than other KBOs and has a high albedo (see Rabinowitz et al. 2006). Accordingly, I
regard 2003 EL61 as an outlier when discussing the general properties of KBOs. Other
than 2003 EL61, the fastest rotating KBO known is 2001 CZ31, which has a rotation
period of Prot = 4.7 hours (Lacerda & Luu 2006), and therefore a density of DN ≥ 0.6
g cm−3. This agrees with the theory that KBOs and comets are rubble piles and under-
dense compared with asteroids, again suggesting a higher proportion of volatile ices
and higher porosity.
In KBOs, the observed distribution in a/b tends towards 1, implying that these
objects are generally more spherical than the nuclei. However this is likely an ob-
servational bias as the known KBOs are much larger due to the practical difficulties
presented in observing distant KBOs with r < 50 km, and therefore more likely to
be shaped under self-gravity. Lacerda & Luu (2006) note that only the ‘smaller’ of
KBOs (r < 200 km) are particularly extended, and even these have minimum axial ra-
tios a/b < 2. The exceptions are 2003 BF91 and 2001 QG298, which have a/b≥ 2.73
and 2.86 respectively. 2003 BF91 is one of the smallest KBOs known, with an absolute
visual magnitude of HV = 11.7, corresponding to a radius of 9 km assuming a 10%
albedo (Trilling & Bernstein 2006), or r = 15 km assuming a comet-like 4% albedo.
This small size and large axial ratio suggests that there could be more elongated objects
among the smaller KBOs, which have not been detected due to their extreme faintness.
2001 QG298 also shows a large photometric variation, which would correspond to a
very large elongation for a single r ≈ 120 km body, however this object is thought to
be a contact binary due to the shape of its light-curve (Sheppard & Jewitt 2004).
6.4 Surface colours
Figure 6.9 shows all the available broad-band colours (R− I) against (V −R) for JFCs.
Broadband colours of cometary nuclei are reasonable probes of surface properties (e.g.
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Figure 6.9: (R−I) against (V−R) for all JFCs with known colours. Filled circles – this
work; open circles – comets with colours previously determined using the same multi-
filter photometry method used here. The position of the Sun on these axes is marked
using the symbol ⊙. Data from: 2P/Encke: Jewitt 2002; 6P/d’Arrest: Jewitt 2002;
Lowry & Weissman 2003; 22P/Kopff: Lamy et al. 2002; 28P/Neujmin 1: Delahodde
et al. 2001; 45P/Honda-Mrkos-Pajdusakova: Lamy et al. 1999; 49P/Arend-Rigaux:
Millis et al. 1988; Lowry et al. 2003; 143P/Kowal-Mrkos: Jewitt et al. 2003. Where
more than one reference is given, weighted averages of the values were taken.
Davidsson & Skorov 2002), and due to the featureless nature of nuclei spectra provide
equally good information while being easier to perform than spectroscopy. Colours are
also instructive in that they allow comparison between comets and other solar system
bodies. For example, while short period cometary nuclei are found to be redder than
the Sun1, they are less red than Kuiper-belt objects, the population from which they are
thought to originate.
Prior to this work there were relatively few JFC nuclei with both (V −R) and (R− I)
colours. While my data has not altered the mean values measured, they have shown
1The Solar colours quoted in various papers in the comet literature vary; I take (V −R)⊙ = 0.35 and
(R− I)⊙ = 0.33 from the recent study by Holmberg et al. (2006), who use Sun-like stars to give precise
Solar colours in a number of common filter systems.
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that there is a larger range in colours than previously recorded, although the large un-
certainties for the nuclei with extreme colours mean that they could be consistent with
the range previously observed. Although the snap-shot colours on 44P give it the bluest
(V −R) (= 0.31±0.09) in fig. 6.9, the range in (V −R) extends slightly bluer, with the
comet-asteroid transition object 107P/Wilson-Harrington having (V−R) = 0.20±0.04
(Lowry & Weissman 2003) (not shown as there is no (R− I) colour for this object). At
the other end of the (V −R) scale is 137P, which is considerably more red than most
comets, although with relatively large error bars which bring it into line with the others.
In the paper I published on comets 7P, 14P and 92P (Snodgrass et al. 2005b) I de-
scribed an increase in (R− I) with increasing (V−R) indicative of a steadily increasing
spectra through these bands, as seen in primitive asteroids and the few cometary nuclei
which have been observed spectroscopically (Luu 1993). This trend was also supported
by the second NTT data set. Although the trend is not as visually obvious with the in-
clusion of the INT data, a weighted best fit to all the data still gives a straight line
consistent with the earlier result at a 2σ level:






While comets 45P/Honda-Mrkos-Pajdusakova, H2 and 40P are not very close to
this line (the first two well below the line in the lower centre of the figure, 40P above
the trend in the upper left) they all showed some activity during the observations. In
the case of both 40P and H2 the coma was very weak, while 45P was observed by
Lamy et al. (1999) using the HST when the comet was active and at large phase angle
(α≈ 90◦), but with a coma subtraction method. In all of these cases, the activity is not
sufficient to reject the colour data as weak activity at large Rh should be dust dominated
and therefore of similar optical properties to the nucleus, but also means that their
difference from the rest of the data should not be over-interpreted.
Figure 6.10 is a colour-colour plot showing the data on KBOs (filled circles) and
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Figure 6.10: (R− I) against (V −R) for all JFCs, KBOs and Centaurs with known
colours. Open circles – JFCs; filled circles – KBOs; triangles – Centaurs. The position
of the Sun on these axes is marked using the symbol⊙. The dashed line shows the best
fit to the comet data, the dotted line is the fit to the KBOs. KBO and Centaur data from
Jewitt & Luu (2001); Peixinho et al. (2004).
that of JFCs (open circles), with the same trend line over-plotted (KBO data from Jewitt
& Luu 2001; Peixinho et al. 2004). It is clear that this line provides a reasonable fit to
the data, although there is considerable scatter in the KBO results, which is confirmed
by a fit to the KBO data which is consistent (at a 2σ level) with that for JFCs:






This is plotted as a dotted line in fig. 6.10. However, while both populations follow
approximately the same trend in colours, it is clear that the KBOs are generally redder
than the comet nuclei. The mean colour of JFC nuclei is (V −R)nuc = 0.45±0.11 (N =
31), compared with (V −R)KBO = 0.59±0.08 (N = 62) for the KBO population. It has
been suggested that ‘space weathering’ produces the very red surfaces seen in KBOs
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and that cometary activity resurfaces nuclei to give them more neutral colours (Jewitt
2002). These data support this hypothesis; the similar (V −R)–(R− I) relations sug-
gesting similar spectra and therefore a common source, while the JFCs tend towards
the blue side of the distribution and lack the ‘ultra-red matter’ of KBOs. Under this
paradigm, the very red colour measured for 137P may indicate that it is a relatively
young comet which has undergone little resurfacing, although I remain cautious of in-
ferring too much from the colour in light of its large uncertainty. Note that the Centaurs
(triangles in fig. 6.10, data also from Jewitt & Luu 2001; Peixinho et al. 2004) have a
similar spread in (V −R) to the KBOs, but do not appear to show the same trend as the
JFCs and KBOs, and exhibit a very large variation in (R− I). This is somewhat sur-
prising, as Centaurs are thought to be the intermediate dynamical population through
which KBOs pass to become JFCs, but there are only nine Centaurs in fig. 6.10 and
further data may clarify the situation.
To further investigate the idea that the more neutral JFCs are ‘resurfaced’ KBOs,
it is desirable to use a one dimensional parameter to describe the relative redness of
these objects. To do this the (V −R) and (R− I) data shown in fig. 6.10 were translated
into distance along the best fit line x, which has arbitrary units linearly related to the
normal colour indices, with increasing x corresponding to redder colours. The weighted
average best fit between the JFC and KBO best fit lines quoted above was used (with
m = 0.90±0.05 and c = 0.09±0.01) giving a translation of
x = 0.45(V −R)+0.67(R− I)−0.06 (6.7)
Histograms of the number of objects N(x) per bin (dx = 0.05) are shown in fig. 6.11. It
can be seen that the JFC distribution does indeed appear to be consistent with the KBO
distribution, but lacking in ‘ultra-red’ matter. The two populations are a good match at
the bluer end. The KBO colours appear to be approximately normally distributed (the
fitted distribution has mean xKBO = 0.75 and standard deviation σKBO = 0.14), as do
the JFCs, despite the relatively poor statistics (xJFC = 0.61, σJFC = 0.10). The model
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Figure 6.11: The (R− I) against (V −R) data was reduced onto distance x along the
best fit (see text). This plot shows the histograms of N(x) against x for JFCs and KBOs.
The KBOs (red) are reasonably well matched by a normal distribution (red dashed line).
The JFCs (blue) appear to have a truncated distribution; the model JFC population (blue
dashed line) was created by convolving the KBO model with a ‘de-reddening’ term that
is ∝−x (dotted black line - arbitrary units).
distribution plotted for the JFCs (blue dashed line) however is not the best fit normal
distribution, but one generated by convolving the fitted KBO distribution with a ‘de-
reddening’ term: N(x)JFC = N(x)KBO⊗ f (x), where the fraction of objects remaining
f (x) ∝ −x. Thus the ‘de-reddening’ depends on the colour, with the most red KBOs
being most depleted, with more neutrally coloured objects remaining. A least squares
fit gave f (x) = 2.8−3.5x (again, in non-physical units) and gave a good reproduction
of the observed JFC distribution. This de-reddening function means that 100% of the
KBO surfaces remain at x = 0.5 and they are entirely depleted beyond x = 0.8. Clearly
this model is very approximate in its treatment of distributions, but it serves to demon-
strate a possible transformation route between the KBO and JFC distributions. A more
thorough approach would be to treat a large number of test particles, with a starting
distribution like that observed in KBO colours, and then test the effect of different the-
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oretical ‘de-reddening’ models on the resultant JFC colours by computing the change
in colour for individual comets. While an interesting problem, such calculations are
beyond the scope of this thesis.
Although a linear decrease in the number of surviving KBO surfaces with colour
can be invoked to explain the observed JFC colours, a physical interpretation of this
effect is required. A plausible solution is to assume that the observed variation in KBO
colour is associated with the ages of their surfaces, and that space weathering reddens
the surfaces in an approximately linear fashion with time. Under this paradigm the
objects in very red tail of the distribution are very old, while the bluer ones have under
gone some ‘resetting’ of their surfaces (e.g. due to a collision2) more recently. When
a KBO is perturbed into the inner Solar System, the onset of cometary activity acts to
resurface the nucleus. For younger KBOs, whose surfaces are not very different to their
sub-surfaces as they have not been weathered for long, this has little effect, but for the
very ancient and red surfaces, the difference is important. One interesting aspect of this
interpretation is that it suggests that nuclei surfaces, being younger, are a closer match
to their interiors, and thus may provide a better view of ‘primordial’ material than the
ancient weathered surfaces of KBOs.
Remaining questions include: To what degree is the distribution seen in both pop-
ulations due to different surface ages / processing, versus the effect of any underlying
intrinsic variation in surface materials? Also, does cometary activity act as a ‘reset’
switch, with an essentially instant effect on the surface, or is it a more gradual process?
The latter could also explain the above model of linear loss of KBO surfaces in the pro-
cess of creating comets; in this case we would expect to see dynamically new ecliptic
comets having more red colours, and that the colour of nuclei would become bluer with
time. It is therefore important to search for observational signatures of continued sur-
2Modelling by Jewitt & Luu (2001) suggests that collisions between KBOs are actually unlikely to
be responsible for the observed range in KBO colours. Here I still assume that the distribution is related
to the age of the surface, as it is difficult to explain why the alternatives (that the range is either intrinsic
or that different bodies undergo different reddening processes) should follow the de-reddening model
described to produce the JFC distribution.
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face evolution within the JFC population. If reddening of surface material occurs on a
time-scale shorter than that for significant orbital change of a JFC, then one might see a
correlation with orbital parameters. However, plots of (V −R) against both semi-major
axis a and the fraction of orbital period spent at Rh ≤ 3 AU showed no correlation.
Therefore the nucleus colour does not depend on the orbital parameters of the JFC.
A remaining possibility is that the timescale for significant reddening of the surface
is shorter than the orbital period. 28P/Neujmin 1 has a large amount of extant photom-
etry (collated by Delahodde et al. 2001 and Lamy et al. 2004) and is well known as a
comet that is essentially dormant throughout much of its orbit, only showing a small
amount of activity near perihelion. Taking these colours and plotting them against po-
sition in the orbit shows no correlation, it appears that the surface colour of 28P is
constant throughout its orbital cycle. Therefore I conclude that significant reddening
does not occur on time-scales of less than 20 years and the colours measured for indi-
vidual comets are not dependant on their orbital position at the time of observation.
Chapter 7
Concluding remarks and future work
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This thesis presents the results of observations of 29 ecliptic comets; 18 based on
snap-shot observations and time-series obtained on a further 11. Multi-epoch data were
obtained for five of these comets. These were observed in four runs, two using the 3.6m
NTT and two using the 2.5m INT, and additionally one hour of time on the 2m FTN.
All comets were observed at Rh ≥ 3 AU, where comets are expected to show relatively
little activity due to a drop in the theoretical H2O sublimation rate at this distance.
However 10 of the 24 observations where the comet was detected at sufficient S/N to
look for coma showed activity, with variation between the highly active 103P (which
was visibly active on two occasions, including when beyond 5 AU) and those with
very weak activity which was only detected in surface brightness profiles from deep
co-added images. The fraction of comets active beyond Rh = 3 AU is then f (Rh ≥ 3)≈
40%. Beyond 4 and 5 AU, the observed active fractions are f (Rh ≥ 4) = 516 ≈ 30% and
f (Rh ≥ 5) = 27 ≈ 30%. It is obvious that a significant fraction of JFCs show activity at
large distances; it is likely that these comets retain some weak coma throughout their
orbits, which must be remembered when considering reports of apparently inactive
nuclei at large Rh.
For those observations of comets which were shown to be effectively inactive based
on a star-like surface brightness profile (12 comets), measurements of nuclear prop-
erties were made. These results were combined with other data from the literature to
constrain various properties of the population. The cumulative size distribution of JFCs
was shown to be well represented by a N(> rN) ∝ r−qN relation where q = 1.9
+0.3
−0.2. The
uncertainties on q were found to be dominated by the largest nuclei, and the choice
of the assumed phase function used to find the radius. This CSD is consistent with
theoretical models for a population of strengthless collisional fragments.
Time-series observations on 11 comets gave constraints on the shape (minimum
axial-ratios) and rotation period. The distribution of spin rates for JFCs was found to be
inconsistent with a collisional population, being well represented by a flat distribution
instead of the Maxwellian seen in asteroids. This implies that torques from out-gassing
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act to alter the spin states of comets, as expected. The axial-ratios of JFCs tend to
be modest, typically around a/b = 1.5 with none observed at a/b > 3. Assuming
strengthless nuclei, these rotation periods and axial-ratios are combined to put limits
on the bulk density. There is a cut-off in minimum densities at ∼ 0.6 g cm−3, implying
that the true density of nuclei is near this value. This implies that they are remarkably
porous, with Ψ& 70% for nuclei with similar proportions of dust and ice to that found
for 9P/Temple 1 by Deep Impact.
The surfaces of nuclei have red colours, and a trend of increasing (R− I) with
(V −R) is found, implying a continually rising spectrum and a consistent reddening
agent across these wavelengths. The colours are not found to be dependant on the orbit
of the comet or its position along the orbit at the time of observation. The colours of
JFCs are shown to be consistent with an initial population matching the KBO colours
that has been modified by a de-reddening function that depends on the colour, with very
red objects depleted more than neutral ones.
Further comparison between JFCs and KBOs shows that their size distributions
appear to be inconsistent, with a steep CSD for KBOs implying that they are not a
collisional population, at least at large sizes. This may extend down to the cometary size
regime, in which case it is difficult to explain the shallower distribution seen in comets
unless a large proportion of comets are very short lived. The rotational properties and
densities of the two populations appear to be similar, although the known KBOs are
observed to be less elongated due to an observational bias towards large bodies. While
it makes sense that the bulk densities of the JFCs are similar to their parent population,
the similarity in rotation rate is unexpected as the rotation rates of comets show signs
of modification by cometary activity. This is based on a relatively small sample size
though; there is ample opportunity to add to to the understanding of these distributions
with further light-curve studies.
Other useful future directions for this work include measuring the phase function
for more comets, as the distribution of this parameter is poorly understood. Such work
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requires multiple observations over an extended period to get a range in α, and also
sufficient light-curve coverage at each epoch to account for rotational phase effects.
Not only would this allow further interpretation of the surface properties (roughness,
single particle albedo), but it would give an improved measure of the mean value of β
and reduce a major contribution to the uncertainty on the size distribution. It would be
interesting to see whether or not there is any relation between size and phase function,
based on a weak correlation of increasing β with decreasing size seen in the current
small data set.
There is scope for more detailed modelling of the surface colour change between
KBOs and JFCs, as the treatment of distributions presented here is simplistic but does
imply that a de-reddening function can be used to describe the alteration of surfaces.
Further observations of both populations will also be useful, to fill in the distributions.
Linking these observations with an independent measure of the dynamical age of the
comet would also be an interesting exercise.
Finally, while this thesis has dealt with the ecliptic or Jupiter Family comets, it
would be of interest to extend similar observations and analysis into the other cometary
regimes in the solar system, to test whether different classes of comet (from different
source regions in the proto-Solar nebula) have different physical properties. This is a
more challenging prospect for long period or dynamically new comets, as they show
greater levels of activity to larger heliocentric distance, and therefore require 8m class
telescopes to observe them when effectively inactive at very large distance. Study of
dynamically new comets before they become active would allow investigation of an
exceptionally ‘un-altered’ primordial body, but such work is hampered by the fact that
these comets are generally only discovered once they become active in the inner Solar
System. Hopefully, the new Pan-STARRS telescopes will detect candidates for such
studies, as this survey will detect moving objects down to mR ≈ 24 (Kaiser & Pan-
STARRS Team 2005). Easier populations of comets to study, due to their very low
activity at low Rh, are the NEO and Main Belt comet populations. The study of NEO
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comets is the study of one of the potential end states of a JFC, where the nuclei have
lost volatiles or built up a thick crust so show little out-gassing, and thus helps in the
understanding of their evolution. The MBCs are possibly a distinct group which formed
roughly where they are now, and therefore provide another probe of a different region
of the Solar nebula. With both of these populations, the primary problem is identifying
low activity comets among the asteroids, as the definitive test for being a comet is the
presence of coma.
The work in this thesis and by other investigators is giving us an understanding of
the physical properties of JFCs and how these are related to their parent bodies. An im-
proved measurement of the size distribution is in agreement with the population being
collisionally relaxed, while an important and previously unconsidered source of un-
certainty on this measurement is identified. The large number of light-curves presented
allows a first investigation of the distribution of rotation rates, which is found to be con-
sistent with a flat distribution, most likely a result of torques due to out-gassing. The
densities of nuclei and KBOs are found to be low and consistent with very high poros-
ity. Finally, the surface colours of JFCs are shown to be consistent with being a sub-set
of the KBO population depleted in very red bodies according to a linear relation.
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In this appendix I present the photometric data for each comet on which time-series
data was taken. Each table contains columns giving the UT date at the time of observa-
tion, the airmass of the comet at that time, and the R-band magnitude of the comet with
its associated uncertainty.
Table A.1: Apparent R-band magnitudes for
comet 7P.











































Table A.2: Apparent R-band magnitudes for
comet 14P.












































Table A.3: Apparent R-band magnitudes for
comet 17P.








































Table A.2: Apparent R-band magnitudes for
comet 14P, continued.

















Table A.4: Apparent R-band magnitudes for
comet 36P.


































Table A.4: Apparent R-band magnitudes for
comet 36P, continued.























































Table A.4: Apparent R-band magnitudes for
comet 36P, continued.
























































Table A.5: Apparent R-band magnitudes for
comet 40P.


















































Table A.5: Apparent R-band magnitudes for
comet 40P, continued.



















































Table A.6: Apparent R-band magnitudes for
comet 47P.





















































Table A.7: Apparent R-band magnitudes for
comet 121P.
























Table A.8: Apparent R-band magnitudes for
comet 137P.
























Table A.9: Apparent R-band magnitudes for
comet 92P.
























































Table A.9: Apparent R-band magnitudes for
comet 92P, continued.


























































Table A.10: Apparent R-band magnitudes for
comet 94P.










































Table A.10: Apparent R-band magnitudes for
comet 94P, continued.











































Table A.11: Apparent R-band magnitudes for
comet P/2004 H2.


















































Table A.11: Apparent R-band magnitudes for
comet P/2004 H2, continued
Date (July 2005) Airmass mR
5.0886 1.930 21.578±0.067
5.0915 1.890 21.471±0.064
5.0945 1.852 21.649±0.070
5.0974 1.817 21.581±0.061
5.1398 1.478 21.637±0.067
5.1427 1.464 21.464±0.057
5.1804 1.341 21.604±0.058
5.1833 1.335 21.497±0.051
5.1863 1.331 21.695±0.056
5.1892 1.326 21.661±0.054
5.2105 1.312 21.496±0.062
5.2134 1.312 21.704±0.073
5.2164 1.312 21.938±0.099
5.2193 1.314 21.628±0.092
6.0792 2.032 21.254±0.076
6.0822 1.986 21.450±0.090
6.0851 1.942 21.308±0.078
6.0881 1.901 21.300±0.075
6.1263 1.541 21.267±0.058
6.1293 1.523 21.313±0.063
6.1322 1.506 21.466±0.069
6.1351 1.490 21.337±0.065
6.1745 1.348 21.323±0.063
6.1775 1.342 21.265±0.062
6.1804 1.337 21.395±0.065
6.1834 1.332 21.482±0.065
6.2172 1.315 21.225±0.085
6.2202 1.317 21.212±0.100
7.0742 2.070 21.432±0.091
7.0772 2.021 20.970±0.083
7.1196 1.569 21.679±0.071
7.1225 1.549 21.608±0.069
7.1254 1.531 21.598±0.066
7.1284 1.513 21.667±0.068
7.1600 1.378 21.700±0.072
7.1629 1.370 21.615±0.063
7.2094 1.314 21.750±0.073
7.2123 1.315 21.669±0.066
8.0857 1.864 21.735±0.062
8.0886 1.828 21.632±0.065
8.0926 1.783 21.432±0.061
8.1372 1.454 21.654±0.069
8.1402 1.441 21.578±0.060
8.1431 1.429 21.591±0.064
8.1888 1.321 21.589±0.069
8.1918 1.319 21.621±0.069
8.1947 1.317 21.646±0.069
8.2161 1.320 21.681±0.092
8.2190 1.323 21.721±0.125
